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ABSTRACT 
Excimer Laser Micromachining of MEMS Materials 
Kewei Liu 
Ph.D. Advisor: Prof. Hongseok (Moses) Noh 
 
Conventional photolithography-based microfabrication techniques are limited to 
two-dimensional fabrication and only particular materials can be used. Excimer laser 
micromachining enables to overcome those limitations and facilitates three-
dimensional micromanufacturing with a variety of materials. The objective of this 
research is to present a comprehensive characterization study which provides 
guidelines to the efforts to identify optimal process parameters for excimer laser 
micromachining of micro-electro-mechanical systems (MEMS) materials. By using 
248 nm KrF excimer laser and 193 nm ArF excimer laser with five representative 
MEMS materials (Si, soda-lime glass, SU-8 photoresist, poly-dimethysiloxane 
(PDMS) and polyimide), relations between laser parameters (fluence, frequency and 
number of laser pulses) and etch rates in vertical and lateral directions, aspect ratio of 
laser machined trenches and surface quality were investigated. Etch rate per shot was 
proportional to laser fluence but inversely proportional to number of laser pulses. 
Laser frequency did not show a notable impact on etch rates. Aspect ratio was also 
proportional to laser fluence and number of laser pulses but is not affected by laser 
frequency. Physical deformation in laser machined sites was investigated using SEM 
imaging. This qualitative study demonstrated that either laser frequency or laser 
                                             xv 
 
fluence or sometimes their combined effect is the dominant factor in terms of ablation 
surface quality while the dominant factor varies from material to material under 
different wavelengths. Energy dispersive x-ray spectroscopy (EDXS) was utilized to 
analyze material surface before and after laser ablation. It was found that for all five 
materials oxygen amount increased while the amounts of other elements decreased 
after laser ablation. The mechanisms behind the process-feature relations are 
discussed based on the experimental data. This comprehensive characterization study 
provides guidelines to identify optimized laser ablation parameters for desired 
microscale structures on MEMS materials. In order to demonstrate the three-
dimensional microfabrication capability of KrF and ArF excimer laser, two novel 
implantable biomedical microscale devices made of SU-8 and PDMS were 
successfully fabricated using the optimized KrF excimer laser ablation parameters 
obtained in the current study as well as cutting and local removal of insulation for a 
novel floating braided neural probe made of polyimide and nichrome using the 
optimized ArF excimer laser ablation parameters.
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CHAPTER 1  INTRODUCTION 
 
1.1  Thesis Organization 
This thesis includes 5 chapters. Chapter 1 introduces background of excimer 
laser micromachining. Through comparison between excimer laser, CO2 laser and 
solid state laser, the advantages and specialties of each laser are specified. A literature 
review covers three aspects of excimer laser micromachining developments: studies 
of laser basics, surface qualities and applications. 
Following Chapter 1, Chapter 2, 3 and 4 are organized based on peer reviewed 
journal articles. Chapter 5 is a conclusion of this thesis and a preview of future work.  
Chapter 2 ‘Experimental Characterizations: KrF Laser Micromachining’ focuses 
on the study of KrF excimer laser micromachining characterization on representative 
MEMS materials. Laser-material interactions are studied through experimental results 
of relationship between etch rate and laser parameters such as fluence, frequency and 
number of laser pulses. Aspect ratio of trenches ablated by laser under different laser 
parameters is also studied. Surface quality of laser drilled holes is inspected using 
SEM, investigating the influence of variation of laser parameters on surface quality. 
Small feature creation (1 to 2 µm hole) on silicon is explored. 
Chapter 3 ‘Experimental Characterization: ArF Laser Micromachining’ extends 
the work in Chapter 3 from KrF to ArF excimer laser, in order to provide a complete 
guideline to the selection of laser wavelength and other parameters for optimized 
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micromachining results. So systematically the quantitative relation between etch rate 
and laser parameters are discussed along with surface quality investigation. Small 
feature creation (1 to 2 µm) on glass, SU-8 and PDMS surface are explored. Thin film 
(SiO2, parylene) characterization is conducted. Additionally, a comparison of KrF and 
ArF micromachining characterization results is conducted. 
Chapter 4 ‘Demonstration of Applications’ describes several applications of 3D 
structure creation and micro device fabrication using excimer laser. The first device 
described in this section is a microfabricated artificial arachnoid granulation (AG). 
Optimized laser parameters obtained from characterization study in previous sections 
were applied to create 3D structures in SU-8 microneedle array and PDMS one-way 
microvalve array for proper functions. The second device processed by excimer laser 
is a floating braided microprobe which can be implanted into neural tissue or spinal 
tissue with least damage to the tissue to perform acute intracortical and intraspinal 
recording. Optimized laser parameters were selected for cutting and local removal of 
insulation on this novel floating braided neural probe. Additionally, 3D structures 
which cannot be created by conventional lithography-based microfabrication 
techniques are created on SU-8. And 3D microstructures are generated on polyimide 
coated silica tube. 
Chapter 5 ‘Conclusion and Future Works’ concludes the main work in this 
dissertation and relevant promising future work is discussed afterwards. 
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1.2  Overview 
Nobel Prize winner Richard Feynman’s 1959 speech at a conference, ‘there’s 
plenty of room at the bottom’, predicted that fabrication technology will develop from 
macroscale into atomic scale. His vision which became one of the greatest endeavors 
in science and technology has revolutionarily changed our modern life. However, 
much work has yet to be done. In order to make ‘things’ on the microscale a top down 
approach is used, whereby macroscale fabrication is used to make small 
manufacturing device, which is used to make an even smaller device.) Repeating this 
process, products fabricated by these machines were miniaturized. It extended to be a 
promising, big and important research area micro and nanotechnology. In this area, 
the length unit used to measure target sizes are micrometers and nanometers. A 
micrometer is one-thousandth of a millimeter. A nanometer is one-thousandth of a 
micrometer. The capability in making objects in such small size became a great 
driving force for the advancements in many areas. For instance, microfabrication 
techniques applied in semiconductor industry gave birth to the miniaturization trend 
in electronics which changed modern life. As micro/nanofabrication techniques were 
improved, smaller integrated circuits have been built with more complex structures 
and more powerful functions. Nowadays, there are many areas depends on 
micro/nanofabrication techniques. Micro-electro-mechanical systems (MEMS) which 
is like a miniaturized machine have been developed and integrated in many devices 
such as smart phones and car accelerator sensors. Other fields such as microbiology 
                                                                                                                                                                4 
 
and particle physics etc. all depend on micro/nanofabrication techniques. 
Most micro/nanofabrication techniques are top-down approaches. Top-down 
approaches start with large components, for example Si, and then all kinds of removal 
work have been done until the final micro/nano structures are created. Typical top-
down approaches are: polishing, etching and cutting. Bottom-up approaches is still 
under development. This approach starts with small components such as atoms or 
molecules and these small components are then used to form larger system or device. 
Bottom-up techniques are useful in mimicking biological structures or functions. 
Micro/nanofabrication techniques can also be categorized in the other two forms: 
additive manufacturing and subtractive manufacturing. Additive manufacturing means 
controlled materials addition, for example, successive layer are placed down to form 
different shapes. Subtractive manufacturing means using controlled material removal 
method such as cutting or drilling to form the desired shape [1]. 
Laser micromachining belongs to top-down, subtractive approaches. It has great 
potential and flexibility in 3D structure microfabrication [2-4] and may become the 
mainstream fabrication technology. Laser micromachining techniques avoid 
conventional lithography based microfabrication techniques’ lengthy, multi-steps. It is 
also environmentally friendly. More importantly, it is believed that 3D laser 
micromachining can advance the visionary top-down approach of 
micro/nanofabrication technology. 
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As shown in Fig 1-1, laser is generated in the cavity which encloses gain 
medium. Laser beam gets amplified constantly when it passes through gain medium. 
During this process, continuous energy supply is required. This process is called 
energy pumping. There are different forms of energy pumping, typically in the form 
of electrical current, light of another wavelength, heat or chemicals. Besides constant 
energy supply, optical feedback system is also necessary. The most common type of 
optical feedback system is a back reflector and an output coupler installed at the two 
ends of laser cavity where gain medium is preserved. The back reflector is highly 
reflective while the output coupler is partially transparent. This set of mirrors makes 
laser beam bounce back and forth, passing through gain medium and continuously 
being amplified. And part of laser beam comes out from output coupler and forms 
laser beam. This type of laser generating system is also named laser oscillator, as an 
analogy to electronic oscillators. 
 
1.3.2 Laser Generating Principles 
Stimulated emission 
An atom has discrete orbits in which electrons stay. The orbits further from 
nucleus have lower energy than those orbits close to nucleus. Two orbits that represent 
two energy levels of an atom are shown in Fig 1-2. 
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transits to lower energy or ground energy level, a photon will be emitted. And the 
frequency, phase, direction and polarization etc. of this emitted photon are exactly the 
same as the incident photon. This is called a stimulated emission. Stimulated emission 
is very important and is the necessary condition for generating laser beam. 
 
Population inversion 
Population inversion is also a condition that is necessary for generating laser. 
The rate of stimulated emission is related to the difference of number of particles in 
the two energy levels. Normally, the number of particles at lower energy state E1 is 
larger than the number of particles at higher energy state. In order to generate laser 
beam, the particle population in this two energy levels must be inverted, i.e. the 
number of particles at higher energy state must exceed the number of particles at 
lower energy state. When population inversion is realized, stimulated emission 
produces more photons than absorbed which actually amplifies the light passes 
through. As shown in Fig 1-1, it is the pumping energy that provides constant energy 
supply for population inversion. Pumping energy is delivered in the form of an 
electrical field typically. The gain medium is excited by this electrical field with huge 
population of atoms transformed into excited states. During the transformation of 
atoms from ground states into excited states, pumping energy is constantly absorbed.  
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Gain medium 
The gain medium is generally a material with a designed purity, concentration, 
shape and size. It can be in different forms such as gas, liquid or solid. It contains 
atoms that are excited by pumping energy to higher energy level. Population inversion 
is realized in gain medium. Particles at higher energy level interact with light by 
absorbing or emitting photons. Then stimulated emission allows emission of photons 
that are in the same direction of light that passes by.  
 
1.3.3 Laser safety 
Every type of laser is considered having potential danger to human. Even if it 
only has power of several milliwatt, it can still endanger human eye sight by burning 
the retina in the short period of time. So laser generally have been classified into 
several laser safety levels: 
Class I: the laser is safe because it is completely enclosed inside the device. E.g. 
CD player. 
Class II: the laser is generally safe under normal operating mode because its 
power normally is lower than 1 mW.  Human eye can prevent damage from this class 
of laser by blinking reflex. E.g. laser pointer. 
Class IIIa: this type of laser’s power normally exceeds 5 mW and during the time 
scale of blinking reflex, it has the risk of causing damage to human eyes. The retina 
will be damaged when human beings look into the laser. 
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Class IIIb: this type of laser causes immediate damage to eyes when eyes are 
exposed to it. 
Class IV: this type of laser can burn human skin. In some cases, even the 
diffracted laser beam will also cause damage to eyes and skin. Many industrial and 
scientific lasers belong to this class. 
All these safety levels apply to visible light and continuous lasers. For pulsed and 
invisible light laser, there are other limits that may apply. For people working with 
class 3b and class 4, safety goggles that absorb particular wavelengths light have to be 
equipped. Some infrared lasers with wavelength over 1.4 µm are considered to be safe 
for human eyes. This is because water molecules have strong absorption for this 
wavelength range. Light that passes through cornea will be strongly absorbed then no 
significant amount of light can be focused onto the retina to cause damage. However, 
this only applies to low power continuous laser. Laser with high power or Q-switch 
laser can still cause serious damage to eyes. 
 
1.4 Laser categories 
Laser is mainly categorized as continuous or pulsed laser by operation modes. 
The output of laser operating in continuous mode is continuous over time. This type 
of laser requires steady pumping energy supply to maintain the population inversion 
in the gain medium. Some type of laser that requires high pumping power cannot 
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produce continuous laser because it will destroy laser by producing excessive amount 
of heat. Lasers that cannot be categorized as continuous form belong to pulsed laser. 
Pulsed laser’s output is in pulsed form and is fired at certain repetition rate. Because 
the energy equals to the average laser power divided by laser frequency, pulsed laser’s 
peak energy can be modified by decreasing the frequency then more energy can be 
concentrated into a single laser pulse. An important method used to achieve high peak 
energy is named Q-switching, sometimes called giant pulse formation. It allows 
population inversion to be realized with a low Q (quality factor) by prevent feedback 
of light from getting into the gain medium. Under this condition, laser cannot be 
generated because there is no stimulated emission. However, during this process, the 
energy stored in the gain medium is still increasing. When the pumping energy inside 
the gain medium reaches the highest possible level, the Q factor is quickly changed 
from low to high with feedback of light to begin the stimulated emission. Then the 
stored energy is depleted and concentrated into one single laser pulse with high peak 
intensity.  
Categorized by laser medium, laser is mainly classified into three types: liquid, 
gas or solid laser. The three representative lasers out of those lasers with different 
light wavelengths are carbon dioxide laser, Nd:YAG laser and excimer laser. 
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1.4.1 Carbon Dioxide Laser 
Carbon dioxide laser was invented by Kumar Patel from Bell Lab in 1964. It is 
one of the most effective gas lasers which still have been widely used nowadays. The 
efficiency of carbon dioxide laser can be as high as 20% depending on the ratio of 
output power to pump power. The wavelength of carbon dioxide laser is in infrared 
range.  
Usually the gain medium of CO2 laser consists of 10-20% of CO2, 10-20% of N2, 
and a few percent of H2 and He. A gas discharge is used to excite the medium. Firstly 
nitrogen molecules are excited by electron impact by vibrational motion. Once 
nitrogen molecules are excited, the energy can be preserved for a long time because 
homonuclear molecules of nitrogen cannot lose energy by photon emission. Then 
through collision of nitrogen and carbon dioxide molecules, carbon dioxide molecules 
are vibrationally excited. This leads to the population inversion which generates and 
amplifies laser beam. So this procedure is repeated by constant energy supply from 
gas discharge. Meanwhile, gas mixture exhaust is pumped out from the resonator [6]. 
 
1.4.2 Solid State Laser 
Solid state laser, as the name indicates, its gain medium is in solid state. The gain 
medium of gas laser and liquid laser are in gas state and liquid state, respectively. 
Normally, this solid state media is made of crystal in which are doped with some rare 
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elements such as ytterbium, erbium, chromium and neodymium. There is a variety of 
different type solid state lasers built with these rare elements doped bulk. Several of 
them are widely used nowadays, especially Nd:YAG laser which is built using 
neodymium-doped yttrium aluminum garnet.  
The gain medium of solid state laser consists of a crystalline or glass rod doped 
with different ions. Many of these dopants are rare elements. For Nd:YAG laser, 
neodymium is the dopant in yttrium aluminum garnet crystal. Pumping energy for this 
crystal media is normally provided by flashlamp, arc lamp or other types of laser 
diodes. This energy excites and changes those dopants into their excited states and 
then population inversion was maintained in these dopants to generate and amplify 
laser [7]. 
 
1.4.3 Excimer Laser 
Excimer laser is a widely used laser nowadays in academic and industry. It was 
invented by Nikolai Basov etc. from Lebedev Physical Institute in Moscow in 1970. 
Its wavelength was at 172 nm, produced by using electron beam to excite xenon dimer. 
It was then step by step further developed by other groups. Excimer laser of other 
wavelengths in ultraviolet range were developed. All these wavelengths in UV range 
have high energy photons which entitled them advantage in ablation of a wide range 
of materials.  
                                               
14 
 
The gain medium of excimer laser is usually gas mixture of noble gas such as 
argon, krypton or xenon with reactive gas such as fluorine or chlorine. A pseudo-
molecule that is named excimer will be generated under high pressure and electrical 
stimulation. This excimer is formed by the inert gas molecule with temporary bound 
with themselves or with halogens only under the electrical stimulation. The electrical 
stimulation usually comes from electrical discharge or high-energy electron beams. 
This excimer can only exist in excited state and will emit photons to form laser light 
in UV range by undergoing spontaneous or stimulated emission [8].  
 
1.4.4 Femtosecond laser 
Femtosecond laser is operated in pulsed form. Its pulse duration is of the order of a 
femtosecond (10-15 second) which is obtained in the current experiment condition as 
the shortest pulse width. The peak power of the femtosecond laser is extraordinarily 
high. It can be focused into a very tiny dimension, much smaller than the diameter of 
human hair. All these characteristics of femtosecond laser make it promising in the 
applications related to medical surgery, nanofabrication and high density data storage 
and recording etc. Femtosecond laser was generated by mode-locking technique. 
 
1.4.5 Comparison of CO2, Nd:YAG and excimer laser 
CO2, Nd:YAG and excimer laser all have this unique advantage to create 3D 
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microstructures which cannot be realized by conventional microfabrication processes. 
However, there are differences in output, light absorption rate, ablation characteristics 
and applications for these lasers. 
 
The output comparison of CO2, Nd:YAG and excimer laser  
There are two forms of laser output: continuous laser and pulsed laser. CO2 laser 
and Nd:YAG laser can be in both continuous and pulsed forms but excimer laser can 
only be in pulsed form. For excimer laser, the energy of each laser pulse is small 
because its pulse width is as narrow as around 20ns typically. So the average power of 
excimer laser is relatively low. However, when excimer laser is used to process 
materials, time for dispersing the heat generated by laser to surrounding area is not 
adequate due to its narrow pulse width. So the heat affected zone is small comparing 
to CO2 laser and solid state laser. CO2 laser requires longer heating time and 
significant amount of energy, so its heat affected zone is large. For solid state laser, its 
heating temperature increases faster than CO2 laser and requires lower energy [9-11]. 
So its heat affected zone and heat deformed zone is smaller than CO2 laser. So in 
terms of surface quality, the heat affected and heat deformed zone area: CO2 laser > 
solid state laser > excimer laser. Among these three types of laser, excimer laser 
usually results in better surface quality than the other two in ablation with least heat 
affected area, especially for small feature structure creation. 
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The light absorption rate comparison of CO2, solid state laser and excimer laser 
The light absorption rate is an important factor which has significant influence 
on laser processing. It is mainly related to laser wavelength, but also affected by other 
factors such as materials types, materials temperature etc [12]. It is actually how 
photons interact with materials in micro scale that determines the absorption rate. So 
the wavelength of CO2 laser is about 10 µm, and the wavelength of solid state laser is 
about 1 µm and they are both in infrared range. Wavelengths in infrared range are not 
well absorbed by materials generally speaking. However, their high power output 
makes them still widely used as major laser types in many applications. From both 
theoretical calculation and experimental study, it is proved that solid state laser has 
higher absorption rate than CO2 laser, regardless of the phase, in solid form or in 
liquid form, of the materials. Also, the absorption rate increases as the temperature 
increases, which is an advantage for laser ablation, because during laser processing 
the temperature of materials will increase. The commercialized four typical excimer 
laser systems are ArF, KrF, XeCl and XeF whose wavelengths are 193 nm, 248 nm, 
308 nm and 351 nm, respectively, much shorter than CO2 laser and solid state laser. 
They are all in ultraviolet range and very well absorbed by materials. The absorption 
rate of laser increases as laser wavelength decreases [13]. So light of absorption rate 
of the three laser type orders are: CO2 laser < solid state laser < excimer laser. 
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The comparison of laser ablation characteristics of CO2 laser, solid state laser 
and excimer laser 
Laser ablation characteristics are significantly affected by laser absorption rate. 
Laser with higher absorption rate is usually more efficient because more laser energy 
would be effectively contributed to ablation of materials. Thus for completing the 
same amount of ablation work, laser with a higher absorption rate would consume 
lower energy in total. As we have discussed above, the three types of laser have 
significant difference in absorption rate. For solid state laser and excimer laser, they 
have higher absorption rate, which is an advantage for ablation [14, 15]. Especially 
for pulsed solid state laser and excimer laser, the heating up and cooling down rate of 
materials are both fast and temperature gradient are both high. However, for large area 
ablation, CO2 laser is still the first choice due to its high power. For hard and crisp 
materials micromachining, excimer laser is the best choice out of the three. Because 
CO2 and solid state laser ablate materials through heating up and vaporize materials. 
This process causes thermal damage to the surrounding area of ablation site. Heat 
affected area is also relatively broader. Excimer laser’s shorter wavelength allows its 
laser beam to be focused into smaller scale, which ensures the yielding of micrometer 
and sub-micrometer scale structures [16]. The photon energy of excimer laser is also 
higher, it can be better absorbed and used to break chemical bonds, yielding all kinds 
of particles-formed plume: atoms, molecules and ions etc. The pulse width of CO2 
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laser and solid state laser are around millisecond. For excimer laser, pulse width is 
normally from 20 to 60 nanoseconds. So the heat generated by a single pulse has 
sufficient time to disperse, and during this process, plume also absorbs significant 
amount of heat. So excimer laser micromachining introduces little thermal 
deformation to surrounding area of ablation site.  
 
The comparison of applications of CO2 laser, solid state laser and excimer laser 
As described above, the wavelengths of both CO2 laser and solid state laser are 
in infrared range. Comparing to excimer laser, their wavelengths are longer, photon 
energy is relatively smaller. So it is mainly photothermal ablation mechanism that is 
responsible for entire ablation process. Therefore they are more suitable for some 
application in macroscale, such as laser cutting, laser welding, laser cladding, laser 
micromachining, laser rapid prototyping, and laser engraving etc. Excimer laser’s 
wavelength is in ultra-violet range and is shorter. Its photon energy can be even higher 
than chemical bond energy. It does not depend on heating up and vaporizing the 
materials for ablation. Its photons can be absorbed into the bulk to ablate materials 
which is an independent process of heat dispersion. It is suitable for photochemical 
deposition, micrometer and sub-micrometer scale micromachining, and oxidation etc 
[17]. These applications are determined by the differences of these three types of laser. 
The advantages of CO2 lasers are: high power, exceptional stability, and low cost. It 
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also has been developed and advanced for almost 50 years since it was invented.  
Solid state laser’s wavelength is about 1/10 of CO2 laser, and the materials absorption 
rate is several times as CO2 laser on the same materials. The ablation resolution of 
solid state laser is better than CO2 laser. Therefore, solid state laser gradually replaced 
CO2 in some applications such as laser cladding, and laser drilling etc. Excimer laser 
is more suitable for microfabrication. It usually machines metal, glass, ceramics, 
plastics, nylon, gel, diamond and semiconductor materials etc. Excimer laser are 
primarily used in these three areas: 1. Excimer laser micromachining for specific 
materials, including drilling microscale holes and holes array, selective material 
removal etc.; 2. Photolithography, MEMS, microelectronics; and 3. biomedical 
applications [18]. 
 
1.5 Laser ablation processes 
1.5.1 Basic concepts and equations related to laser ablation 
Lambert-Beer’s law 
August Beer formulated Lambert-Beer’s law using his own experimental 
findings, in combination with those of Johann Heinrich Lambert. Lamber-Beer’s law 
states that there is a logarithmic relationship between absorbance (A) and the product 
of the absorbance coefficient (K), thickness of the media (l), and the media 
concentration (c).  
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The terms A, I0, It, and T represent the absorbance of light, intensity of incident 
light, intensity of transmitted light, and transmittance. The parameters K, l, and c are 
the absorption coefficient, thickness of the light-absorbing media, and the 
concentration of media, respectively. 
 
Phase Transitions 
Phase transition is defined as the transformation process of the thermodynamic 
system from one phase to another. In the thermodynamic system, the physical and 
chemical properties of a phase are the same. As shown in Fig 1-3, there are solid, 
liquid and gas phases which are the most common phases describing the states of a 
thermodynamic system. In rare cases, plasma can be used as another phase term. 
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(m), heat (Q), initial temperature (T0), and final temperature (T) is expressed as: 
( )0
QC
m T T
= −                                                                                                     1.2 
 However, this relationship does not apply to the case that there is a phase change 
involved; the temperature of the system remains constant as heat is absorbed during 
phase transition.  
Water’s specific heat is 4.186 J/g°C, and it is higher than most other common 
substances. So this is why water is very important for temperature regulation.  
 
Thermal Conductivity 
Thermal conductivity describes the capability of conducting heat by a material. 
The Heat transfer rate is faster in materials of high thermal conductivity compared to 
materials of low thermal conductivity. Hence, materials with high thermal 
conductivity are usually used as heat sink in various applications. Materials with low 
thermal conductivity are then used as thermal insulation. Thermal conductivity is 
affected by temperature normally. Thermal resistivity is defined as the reciprocal of 
thermal conductivity. 
Thermal conductivity’s unit is related to temperature, time, length and mass. 
Temperature is an influencing factor for thermal conductivity. However, the influence 
is different for metals and nonmetals. For metals, pure metal’s electrical conductivity 
decreases as temperature increases, so thermal conductivity remains about the same. 
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Alloys’ electrical conductivity changes slowly as temperature varies, so its thermal 
conductivity is proportional to temperature. For nonmetals, its heat conduction is 
primarily caused by lattice vibration (phonons). Temperature does not change the 
phonons’ mean free path significantly. So heat conductivity of nonmetals is about 
constant at low temperature. Thermal conductivity usually changes as material’s 
phase changes. For example, at 0 °C when ice melts into water, its thermal 
conductivity changes from 2.18 W/(mK) to 0.56 W/(mK). Material structure is also a 
factor that influences thermal conductivity. For example, sapphire has different crystal 
axes. Along its c-axis the thermal conductivity is 35 W/(mK) and along a-axis is 32 
W/(mK). Convention is also an influential factor for heat conductivity. For example, 
normally air and other gases are good insulators if there is no convection. However, 
for light gases they normally have high thermal conductivity but for dense gases they 
have low thermal conductivity.  
 
Heat Transfer 
Heat transfer is the movement of heat across a temperature gradient from areas 
of high temperature to low temperature. The unit of heat transfer is Joule (J). Heat 
transfer is a complicated phenomenon. Normally, as long as there is temperature 
difference between two media, heat transfer will occur. Heat conduction, heat 
convection and heat radiation are the three fundamental modes of heat transfer.  
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Heat conduction is defined as energy transfer between two objects that are in 
physical contact. These two objects have different temperature. Every object is made 
of molecules and atoms, which are in motion all the time; the higher the temperature 
is, the more rapidly these particles move. When neighboring molecules and atoms 
vibrate with each other, energy is transferred from molecules with high energy to 
molecules with low energy. Energy transfer always moves in the direction from high 
temperature to low temperature when there is temperature gradient.  
The equation which calculates the heat conduction rate is defined by Fourier’s 
law: 
                                                                                                         1.3 
Where qx is the heat conduction rate per unit area, which is perpendicular to heat 
conduction direction, and k is the thermal conductivity. Heat conduction rate is 
proportional to the temperature gradient in the heat conduction direction. 
Heat convection is defined as the heat transfer between objects and the 
environment due to the movement of fluids. There are two different modes of heat 
convection: one is named forced convection and the other is called natural convection. 
Forced convection is caused by the external force that makes the fluids circulate. 
Natural convection is caused by the temperature gradient change; for example, gravity 
results in the low-temperature, high-density fluids flow from top to bottom. The 
equation that defines the rate of temperature change of an object is called Newton’s 
''
x
dTq k
dx
= −
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law of cooling: 
'' ( )sq h T T∞= −                                                                                                      1.4 
Where q’’ is the heat flux whose unit is W/m2, Ts is the wall temperature of the solid, 
T∞ is the fluids temperature which is in contact with solid wall, h is the heat 
convection coefficient whose unit is W/m2K. 
Heat radiation is a mechanism that an object emits heat energy in the form of 
electromagnetic waves. It does not depend on any media and is the most effective heat 
transfer mechanism in vacuum environment. Regardless of the phase of the object, as 
long as the object’s temperature is above absolute zero, there will be heat radiation in 
the form of electromagnetic waves which carry away energy from the object. This 
emission of electromagnetic waves is caused by the atoms and molecules’ random 
movements. 
Usually the process of heat transfer is a combination of more than one 
mechanism. For example, in the case of using a stove to heat the water up, the heat 
transfer from fire to kettle is the combination of radiation, convection and conduction. 
 
Ablation Threshold 
Ablation threshold is the minimum energy required for materials removal from 
the material body to happen. At the molecular level, it is the necessary to induce 
molecular or atomic displacement or separation with laser energy. Not only for UV 
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range laser, for a broad wavelength range (from infrared to vacuum ultraviolet) of 
laser the removal of materials starts to happen when the ablation threshold fluence FT 
is exceeded. Ablation occurs not only in the UV laser range, but in a broad 
wavelength range (from infrared to ultraviolet) when the ablation threshold fluence, 
FT, is exceeded. For UV and Vacuum UV laser, the ablation threshold fluence is lower 
than other wavelength range, it can be as low as 20-200 mJ/cm2. The specific 
threshold fluence is decided by laser wavelength and the material ablated. One 
important characteristic of the ablation threshold is that a high number of laser pulses 
with a sub-threshold fluence will not remove as much material as a single pulse with a 
fluence above the threshold. For solid state laser and excimer laser whose pulse 
duration is normally less than 100ns, the threshold fluence is independent of pulse 
duration. However, for other types of laser whose pulse duration is longer, threshold 
fluence is affected by pulse duration. 
It is found that within some range of laser ablation fluence, the laser etch rate can 
also be written in a form that is consistent with Beer’s law: 
1 ln
T
Fx
F
α −=                                                                                                                                                            1.5 
where x is etch rate of laser, α is empirical absorption coefficient, F is laser 
fluence and FT is laser ablation threshold fluence.  
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Energy Equation 
Every object has its energy which can be categorized into two types: the first 
type is conserved energy that the system preserves itself such as kinetics energy, and 
potential energy, and the second type is that which energy is transferred between the 
system and the environment during certain processes (e.g. work and heat). These two 
forms of energy are different in energy transferring process. However, they can be t 
transformed to the other form of energy. And during this transfer and transforming 
process, the total energy is in equilibrium. In other words, all the energy associated 
with the system has their source and must be transformed and transferred from 
another form or source of energy. It can be described by the equation: 
E Q WΔ = +                                                                                                          1.6 
Where ΔE is the system energy difference before and after energy change, Q is 
the heat and W is the work. If the system absorbs heat, Q is positive. Q is negative if 
the environment absorbs heat from the system. If the system does work to the 
environment, W is negative; W is positive in the opposite way. 
The infinitesimal rate of internal energy per unit volume, DU/Dτ is expressed by 
the following equation: 
i
DU DQ DVp q
D D D
ρ ρ ρτ τ τ= − +Φ +                                                                        1.7 
Where ρ is the density, DU/Dτ is the energy change rate in this unit volume, 
DQ/Dτ is the heat transfer rate from environment into the unit volume, pDV/Dτ is the 
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work done by the system volume enlargement, p is the pressure, V is the volume, φ is 
the energy transformed from friction within unit time in this unit volume, and qi is the 
heat generated by the unit volume within unit time. 
If there is no volume change, no heat generated, and friction is ignored, the 
above equation can be expressed as: 
2
p
DTc T
D
ρ λτ = ∇                                                                                                   1.8 
Where cp is the heat capacity, λ is thermal conductivity, T is temperature. And 
this equation can be abbreviated to be in this form: 
2DT a T
Dτ = ∇                                                                                                          1.9 
Where a is thermal diffusivity. The above equation can be written in Cartesian 
coordinates as: 
2 2 2
2 2 2x y z
T T T T T T Tu u u a
x y z x y zτ
⎛ ⎞∂ ∂ ∂ ∂ ∂ ∂ ∂+ + + = + +⎜ ⎟∂ ∂ ∂ ∂ ∂ ∂ ∂⎝ ⎠
                                        1.10 
Where ux, uy, uz are velocity in the direction of x, y, and z axis respectively. If the 
velocity is zero, then the equation can be abbreviated to be heat conduction equation: 
2 2 2
2 2 2
T T T Ta
x y zτ
⎛ ⎞∂ ∂ ∂ ∂= + +⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠
                                                                               1.11 
 
1.5.2 Laser Ablation Mechanisms: Photochemical and Photothermal 
Generally speaking, there is no minimum mechanical ablation mechanism 
involved in laser ablation process. However, if light is treated as a stream of photons, 
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there is also physical pressure applied. The beam of light is a stream of photons 
bombarding the sample, which transfer their momentum to the sample surface, 
exerting a pressure. 
Light pressure has its own effects on the ablation process. During the ablation 
process, because of the pulsed excimer laser’s high peak power density, the light and 
heat from the ablation mechanism reacts with the particles and bulk surface 
simultaneously, while the enormous peak light pressure and plasma shockwave blow 
away part of residues and redeposited materials. Some of these vaporized materials 
are redeposited around ablation site. Also, the pattern of these redeposited materials 
includes wrinkles, which were formed by pulsed laser impact. All these particles and 
wrinkles affect surface quality of excimer ablation. 
Light pressure is defined as p= [power of light beam]/c, where c is speed of light.  
This pressure becomes significant at the nanoscale; for example, there is very active 
ongoing research, which focuses on the application of light pressure as driving force 
in NEMS. 
However, normally light pressure can be neglected due to the high magnitude of 
c. So in general for excimer laser ablation, it is still the photothermal and 
photochemical ablation mechanism that controls the entire process.  
Photons of 193 nm (6.4 eV) ArF and 248 nm (5 eV) KrF excimer laser transfer 
their high energy into materials bulk and make the ejection of materials from solid 
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surface easy. This one-step material removal process can be explained in two 
mechanisms: photochemical and photothermal ablation. Photochemical ablation 
occurs when the laser photon energy is absorbed and chemical bonds are broken. 
Materials are removed without thermal effect. Photothermal ablation heats the 
material surface up and liberates the material thermally. Laser energy is converted into 
lattice vibration energy that melts and vaporizes the material. These two ablation 
mechanisms occur simultaneously in most ablation processes to different extents at 
various wavelengths.. The extent of each mechanism’s effects is governed by laser 
wavelength and material type.  
Excimer laser wavelengths are in UV range. When ablation occurs, two ablation 
processes, photochemical and photothermal processes, take place simultaneously. 
They have different affection to laser etch rate depending on different material 
properties. 
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Fig 1-4.  Schematic drawing of interaction between laser and material [20]. 
 
As shown in Fig 1-4, to make it simplified, two zones are presented. They are 
dominated by the two laser ablation processes respectively. The first one is right close 
to materials surface where laser pulses are bombarded at. In this zone, photon energy 
is directly absorbed and this is where photochemical process prevails. The arrows 
pointing from first zone into second zone, which is heat affected zone, refers to the 
part of energy transferred by conduction. This leads to the photothermal process. 
 
Photochemical 
During photochemical ablation, there is minimum thermal damage, because 
chemical bonds are directly broken by high energy photons. For example, ArF 
excimer laser’s photon is 6.4 eV, while KrF excimer laser is 4.9 eV. After absorbing 
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photons, decomposition reactions take place inside bulk of materials. These 
decomposed parts are expelled from the bulk of materials. This whole process 
consumes photon energy and limits heat dispersion [21], and it is primarily dependent 
on material absorption coefficient, α. This absorption coefficient represents a given 
material’s capacity to absorb laser energy. It is defined as the reciprocal of optical 
penetration depth 
1
0L α −=                                                                                                              1.12 
which indicates the depth laser energy will be absorbed and photochemical 
ablation process will occur. 
For photochemical: fluence required for ablation threshold: 
( )1n
nhF
R
ν
ηα= −                                                                                                  1.13 
Where n is the number of bonds must be broken to achieve material removal, η is 
the quantum yield for chain scission, hν is the photon energy (assumed to exceed the 
bond energy of material chain), and R is the surface reflection loss. 
Quantum yield: η=# molecule decomposed/ # photons absorbed 
 
Photothermal 
Photothermal ablation occurs mainly under ground state of molecules. Photon 
energy, in this process, is not used to break chemical bonds. It becomes vibrational 
lattice energy which heats up and vaporizes materials. These volatile products 
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formation rate is strongly dependent on temperature. This whole process is mainly 
dependent on material properties and laser pulse width, because thermal penetration 
depth is defined as 
( )122eL Kt=                                                                                                                                                           1.14 
Where K is the thermal diffusivity and t is laser pulse width. And thermal 
diffusivity here itself is defined as 
pC kK ρ=                                                                                                            1.15 
Where Cp is heat capacity, k is thermal conductivity and ρ is the density of 
material. 
So if material thermal diffusivity K is low and laser pulse width is smaller than 1 
ns, photothermal ablation effect would be negligible. 
Based on the assumption that Arrhenius equation is applicable, so the volatile 
products formation rate k can be written as: 
exp[ / ]Ak A E RT= −                                                                                          1.16 
Where A is pre-exponential factor for the decomposition path, EA is the 
activation energy for the decomposition path, R is universal gas constant, and T is 
absolute temperature. So k must reach a high enough value to ensure the occurrence 
of ablation, i.e. the threshold of thermal ablation. So thermal ablation threshold can be 
defined as: 
( ) / (1 )T D RF C T T Rα= − −                                                                                  1.17 
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Where C is the specific heat of the material, TD is the temperature that 
measurable decomposition occurs at, TR is the initial temperature on the surface, and 
R is surface reflection loss. 
Both photochemical and photothermal ablation mechanism are important. These 
two processes normally occur simultaneously during excimer laser ablation. At ultra-
violet wavelength range, photochemical ablation will play as main part especially 
under low ablation energy. If experiments are designed to use infrared laser for 
ablation with high temperature, then photothermal ablation mechanism should be 
primarily responsible. 
 
1.6 Excimer Laser System 
1.6.1 Primary Components 
Laser tube 
To the whole excimer laser system, laser tube is like the engine of a car. As 
shown in Fig 1-5, the fluorinated gas mixture stays in the laser tube. The material of 
laser tube is particularly chosen and it is coated with halogen metal complex during 
the reaction between gas mixture and laser tube. This process is called passivation and 
it makes the laser tube surface inert to fluorinated gas mixture. If air leaks into the 
laser tube, or the system was not used for a long time, the coated halogen metal 
complex will be damaged. So it is necessary to repeat this passivation process. 
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Preionization pins are used to preionize the laser gas mixture in order to obtain 
spark-free and controlled discharge. This means that between the electrodes high 
density of free charged molecules are created. So this high voltage discharge will 
transfer energy to gas mixture. To achieve this goal, preionization pins are aligned 
along the electrodes. And based on this design, laser gas can be homogeneously 
preionized, and it ensures a good sync between preionization and main discharge by 
switching preionization and main discharge. 
 
 
 
Fig 1-5. Schematic cross-sectional image of laser tube, A. Preionization pins; B. 
Electrodes; C. Laser tube; D. Gas circulation fan; E. Dust filter; F. Heat exchanger. 
[22] 
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When high voltage is applied by electrodes, the heat produced in the discharge 
area makes the thermal inhomogenities of gas mixture increase. Thus it is necessary to 
replace gas mixture in that area successfully between two consecutive laser pulses. In 
order to complete this process, gas circulation fan which is driven by a single-phase 
motor is installed. It ensures that the gas mixture in between main electrodes area to 
be completely replaced continuously. 
The efficiency of the laser system is about 2%. Most of the energy is dispersed 
and lost in the form of heat. Also the gas mixture that is heated up by discharge is 
cooled down to operating temperature which is about 86 F when it reaches the heat 
exchanger. 
Each laser pulse created, in the meantime, the main electrodes is etched slightly 
by the discharge. And particles created by this process would reduce laser energy by 
absorbing energy and diffracting light. In order to get rid of these particles, an 
electrostatic dust filter is installed at the bottom area of the vessel. The circulation fan 
creates pressure and keeps laser gas mixture flowing through the dust filter 
continuously. 
 
Resonator Optics 
The optical feedback system is the key component for amplifying laser light. A 
parallel resonator functions to amplify laser beam.  
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As shown in Fig 1-6, a highly reflective mirror (E) is located at the rear of the 
resonator. And a partially reflective mirror (D) is located at the front part which is 
known as output coupler. It allows part of the laser light to pass through to form laser 
beam output. These two mirrors that attached on the two sides of the laser tube also 
perform the function of sealing the laser tube. There is no external resonator optics 
part. 
 
Fig 1-6. excimer laser resonator and energy monitor, A. Beam shutter operated 
manually; B. Energy monitor; C. UV photodiode; D. Partly reflective (PR) output 
coupler (OC); E. Highly reflective (HR) rear mirror; F. Laser tube (gas reservoir); G. 
Concave mirror; H. Beam splitter. [22] 
 
Energy monitor 
As shown in Fig 1-7, between the output coupler (D) and beam shutter (A), there 
is an internal energy monitor. The beam splitter optic (H) diverts part of the beam 
transmitted through the output coupler onto a concave mirror (G). This mirror reflects 
the diverted beam onto a UV photodiode (C) through a set of attenuators. The output 
                                               
38 
 
from the UV photodiode is converted to voltage signal. The peak value of this signal 
is encoded digitally and transmitted to laser controller. The energy monitor has to be 
calibrated by using external energy measuring device since it does not have absolute 
measured values. But in addition to this external energy measuring calibration, no 
other measurements are required. There are some circumstances that the attenuators 
that equipped in the energy monitor have to be changed, in order to provide a readable 
amount of energy reflected onto the photodiode. And this is realized by changing the 
amount of attenuators at the front part of UV photodiode. 
 
High voltage Discharge Circuit 
The excitation of the laser gas requires rapid high-voltage discharge. It is 
provided by the high voltage discharge circuit. This circuit consists of the high 
voltage power supply module, thyratron, peaking capacitors of the NovaTube, storage 
capacitors, and discharge electrodes. The peak power of the high voltage discharge 
can reach as high as one gigawatt and the duration is about 50 ns. The discharge 
comes from peaking capacitors which are directly coupled to laser tube’s discharge 
electrodes. Storage capacitors charges peaking capacitors. High voltage power supply 
charges the storage capacitors between laser pulses. The laser is ready to release pulse 
once the storage capacitors are charged. Thyratron, which is the high voltage switch, 
triggers the laser pulse and switches the recharging of the storage capacitors. 
                                               
39 
 
Thyratron 
Thyratron is a thermionic tube, 3 inches in length. The storage capacitors are 
discharged by thyratron which acts as an active switch. The cathode is grounded and 
charging voltage is applied to the anode. The control grid is located in between of this 
two components and it functions as a switch by controlling the discharge. 
The cathode is heated to emit sufficient starting electrons. If it has been used for 
a long time period and the amount of electrons emitted are not sufficient to initiate the 
switch of thyratron, the heating power can be increased to correct it and then 
sufficient amount of electrons will be achieved. 
Hydrogen is essential for providing a high current density and a fast current 
increase. Hydrogen acts as the switching medium which is in the form of arc 
discharge dielectric. Hydrogen has to be maintained constantly as there is lost through 
diffusion and metal erosion. A large amount of hydrogen is stored inside a reservoir 
located in the tube. Hydrogen can be released from this reservoir when the reservoir is 
heated up. So when grid electrode is applied with positive voltage, electrons emitted 
from cathode will transport to anode. During this process, electron will collide with 
hydrogen molecules to ionize them to form more electrons and ions. So these newly 
generated electrons and ions will move towards anode as well which results in more 
ionization. Within a short period of time, avalanche effect will occur to produce fast 
current increase and high current density. However, if the amount of hydrogen is too 
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much, the hold-off voltage between the electrodes would be brought down. And this 
will switch on the thyratron even without a trigger pulse. But if the amount of 
hydrogen is below the switch-on level, the thyratron would not be able to perform 
switch function, because the amount of charged particles is not sufficient to generate 
discharge. 
 
1.6.2 Energy management 
Energy of the excimer laser is directly related to the age of the excimer laser gas 
and the charging voltage. As shown in Fig 1-7, as the charging voltage increases, the 
pulse energy will increase. 
 
Fig 1-7. Energy output as a function of charging voltage [22]. 
On the other hand, laser energy will decrease as the excimer laser gas ages. So in 
order to maintain the same level of energy output, charging voltage needs to be 
modified. Or extra gas work needs to be performed. However, as time goes by, laser 
gas will eventually reach a state under which the energy will not reach the required 
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level with all extra actions taken. Then it is time for giving the laser system a new fill 
of gas mixture. 
 
Fundamental running modes 
The excimer laser system can be operated under two fundamental running modes, 
which are the high voltage constant mode and the energy constant mode. The high 
voltage constant mode keeps charging voltage at constant, and the energy constant 
maintain laser energy at constant level. When the system is running under the high 
voltage mode, the pulse energy will decrease as time goes by (Fig 1-8) due to the 
deterioration of excimer laser gas mixture. This deterioration is caused by long 
storage time or heavy usage which reduces the amount of reactive gas (fluorine or 
chlorine) during the stimulation process.  
 
Fig 1-8. Energy decrease under the high voltage constant mode [22]. 
 
When the system is running under energy constant mode, as laser ages and 
deteriorates, charging voltages will be increased in order to maintain the same energy 
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output (Fig 1-9). 
 
Fig 1-9. Voltage increase under the energy constant mode [22]. 
 
1.7 Literature Review 
1.7.1 Experimental characterization of excimer laser machining for different 
materials 
There had been early study on long wavelength laser ablation of polymers [23]. 
Srinivasan from IBM reported 193 nm ArF excimer laser ablation on the polymer 
PET [24], which brought great interests into this field. The work not only 
demonstrated the ability of deep UV laser to generate fine resolution of ablating 
polymer, but also proposed a new term as ‘ablative photodecomposition’ [25] based 
on the study on laser material interaction. Afterwards papers with solid scientific 
contribution of this topic were published.  
A very basic characterizing point is to study how much material is removed by a 
single laser pulse in depth. It is named as etch rate per laser pulse. There are a 
collection of papers reporting the etch rate of excimer laser in different wavelength on 
                                               
43 
 
a variety of materials. It is generally defined as an average value by etch depth d 
divided by laser pulses N: x = d/N. Dyer studied this etch rate pulse by pulse using 
very sensitive techniques. It is found that for all ablation to occur as significant 
amount of material removal observed, certain laser fluence must be reached. And this 
is named threshold fluence. Other than excimer laser, threshold fluence was also 
studied by infrared laser [26] and other types of laser, because this phenomenon 
applies to not only UV lasers but also a broad spectrum range of laser. For UV or 
vacuum UV laser, the threshold fluence can be as low as from 20 to 200 mJ/cm2. The 
specific value is decided by laser wavelength and materials [27-30]. Normally, for 
short pulse duration lasers such as excimer laser and solid state laser whose pulse 
duration are less than 100 ns, the threshold fluence is not dependent on pulse duration. 
However, report indicated that for long pulse duration laser, threshold fluence is 
greatly affected by pulse duration [28].  
Laser ablation, especially UV laser, differentiates itself from other ablation 
method because it controls the removal of materials from surface not only by simply 
thermal evaporation. Study was performed with experiment designed to confirm that 
the material was expelled from surface within a similar time period of single laser 
pulse. During this time period, extensive covalent bond breaking occurs even inside 
those thermally sensitive materials [29]. The laser ablation mechanism drew much 
attention and relative studies were performed on the two ablation mechanisms: 
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photochemical and photothermal ablation processes. 
Srinivasan proposed that deep UV laser has higher energy photon which can 
directly break covalent bonds of material and thus less thermal damage is observed 
[30]. So the bond decomposition occurs at the excited states of atom. Due to photon 
energy absorption by material for bonds decompositions in this process, temperature 
increase in material is limited and thermal damage is prevented accordingly. A 
photochemical model was build up based on the assumption that to achieve material 
ablation threshold and bonds must be decomposed [31]. Mathematical relation 
between laser fluence threshold, photon energy, and quantum yield etc. was 
introduced [32]. Experiments advanced the study about quantum yields of laser 
ablation further. It is proved that quantum yield needs to be around 1 accordingly, 
however it actually can be as low as around 10-3 [32]. This might due to the quantum 
yields’ significant increase during ablation process. However, all photochemical 
ablation models do not completely represent the real experimental condition because 
they are not able to prove that the fluence threshold prevails irradiation threshold [32]. 
Or there is no thresholds comparison with experiment quantitatively [33]. 
During photothermal ablation process, bonds are broken at the ground state of 
atoms, not excited state as in photochemical case. Using infrared wavelength CO2 
laser to create a pure photothermal ablation experiment condition, it is confirmed that 
photon energy are transferred to lattice vibrational energy to effectively ablate 
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materials [21, 34, 35]. Thermal models are finely built to discuss the ablation 
threshold in relation to temperature etc [36, 37]. Interesting studies stated that 
sometimes the ablation was able to actually occur below ablation threshold [37]. As 
shown in Fig 1-10, Kuper et al. [38] reported that for longer wavelengths such as 248 
nm, 308 nm and 351 nm, there is no obvious ablation threshold and the etch rate 
fluence curve matched with a thermal ablation model. For 193 nm case, an obvious 
ablation threshold can be defined and evidently proved the existence of 
photochemical ablation. For deep UV laser, both photochemical and photothermal 
ablation are important processes occurring simultaneously. Experiment could be 
designed using infrared wavelength range laser to exclude photochemical ablation 
process in order to study photothermal ablation process specifically.  
 
 
 
Fig 1-10. Ablation rate as a function of fluence in the regime of ablation threshold for 
laser wavelength of 193, 248 and 308 nm [38]. 
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However, these two ablation processes were found to have influence on each 
other and the total etch rate. In PMMA laser ablation, photoinitiated bonds breaking 
was followed by thermal unzipping [26]. Proof for this phenomenon was reported by 
Blanchet and Fincher [39]. 
There were also significant amount of interests focused on ablation plume. 
Plume is an important byproduct of laser ablation. It affects the product quality for 
industry applications such as microelectronics which requires a dust-free environment. 
It has significant absorption for laser energy and influence on etch rate. Plume is a 
cluster of cloud shape substance which consists of the volatile products of materials 
ablated and expelled from materials bulk. The composition of plume was studied 
using different techniques [26, 30, 31] and found to be very complex including 
volatile material fragments, sometimes carbon rich clusters of polymers. It is directly 
related to material redeposition which is tried to be reduced usually. Gas dynamic 
model was built to simulate the relation between plume expansion and pattern of 
material redeposition [40]. To get optimized ablation quality, it is preferred to process 
large area with optimized laser fluence than small area with high fluence [41]. 
Excimer laser micromachining of micro-electro-mechanical systems (MEMS) 
materials such as silicon and glass has been demonstrated in the past, but few 
comprehensive and parametric studies of KrF or ArF excimer laser machining on the 
process-feature relations can be found in the literature, especially polymeric MEMS 
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materials such as PDMS, SU-8 and polyimide. Li and Ananthasuresh [42] discovered 
that using the orthogonal array-based experimental design can optimize parameters of 
KrF excimer laser ablation for better quality (edge quality, etc.) in the case of 
photothermal process-dominated material such as Si. As shown in Fig 1-11 (a), 
several useful terms is well defined by the schematic drawing. And Fig 1-11 (b) is an 
actual image of laser machined slot cross-section on copper sample surface. 
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Fig 1-11. (a) Schematic drawing of laser ablated sample cross section. (b) SEM image 
of laser machined slot on material surface [42]. 
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Desbiens and Masson [43] performed characterization study on ArF excimer 
laser micromachining of Si and pyrex glass using work piece dragging technique. 
Optical microscope images of cross-sectional view of trenches cut with two different 
fluences were taken and compared. Keiper et al. [44] provided a good guideline for 
drilling holes on pyrex glasses through performing characterization study of drilling 
holes on pyrex glass. Etch rates as a function of fluence and number of pulses was 
calculated. SEM images of the front and back sides of the through holes under 
different ablation frequencies and fluences were shown in Fig 1-12. It was found that 
there was distinct relationship between laser parameters and the quality of the drilled 
holes’ walls.  
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Fig 1-12. SEM pictures of Pyrex glass drilled holes under different laser parameters 
[44]. 
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Ghantasala et al. [45] characterized KrF excimer laser ablation on SU-8 
photoresist. The relation between etch rate, laser fluence and number of laser pulses 
were obtained. SEM, profilometry and optical microscopy were used to examine 
surface morphology and ablation quality. Dupas-Bruzek [46] characterized KrF 
excimer laser machining of PDMS as part of the first step of fabricating miniaturized 
nerve electrode. Etch rate as a function of number of laser pulses at different fluences 
was investigated.  
Also few publications can be found presenting parametric and comparison 
characterization study on both ArF and KrF excimer laser ablation on commonly used 
MEMS materials. Srinivasan et al. [47] studied the relation between UV (193, 248 
and 308 nm) pulsed laser fluence and etch depth on films of polyimide. They found 
that UV laser etching of polyimide is mainly a photochemical process which is caused 
by multi-photon excitation process. Omori and Inoue [48] used ArF and KrF excimer 
laser to ablate inorganic materials: liNbO3 and GaAs. By quantitative analysis, they 
proved that thermal effect exists in the laser ablation process of these two inorganic 
materials. Fig 1-13 shows the relation between surface roughness and laser fluence. It 
is found that material removal process is dependent on laser fluence. 
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Fig 1-13. ArF excimer laser irradiated LiNbO3 surface [48]. 
 
Horiike et al. [49] studied the photochemical process of etching poly- and single 
Si by XeCl, KrF and ArF excimer laser. Halogenated gas, for instance, Cl2, was 
introduced into a vacuum reactor where Si sample was placed. Etch rate variation due 
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to ablation condition changing was discussed from the laser-material reaction 
mechanism aspect. Srinivasan et al. [50] performed characterization study of ArF and 
KrF excimer laser etching of three kinds of polymer materials: PI, PMMA and TNS2 
photoresist. They found that each of these ablation processes is a combination of 
photochemical and photothermal ablation mechanism. 
 
1.7.2 Theoretical/numerical studies on excimer laser machining 
Photochemical reactions were incorporated in a molecular dynamics model of 
photochemical laser ablation. It was found that photochemical ablation process 
reduced ablation threshold because photochemical etching mechanism produces 
additional energy by the exothermal reactions on materials surface [51]. Molecular 
dynamics was used to study the influence of photochemical ablation process on 
material removal mechanism (molecules ejection) at the ablation site. Material 
ablation system with photochemical process was compared to system without 
photochemical ablation process but only under thermal and stress confinement at 
ablation site. The differences of these systems were discussed in the aspects of 
enthalpy deposited in the sample, temporal profile below the surface, plume 
composition as a function of time (Fig 1-14) and plume density as a function of 
distance from the surface [52, 53].  
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Fig 1-14. Plume composition as a function of time [52]. 
 
The ablation of organic solids by photochemical mechanism was modeled 
through simulating the increase of reaction products volume by increasing the 
equilibrium radius of excited molecules [54, 55]. Another model included all the 
products generated by laser photochemical ablation process. The products were 
calculated in the simulation as particles with different diameters. The dynamics of 
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products generated by photochemical process was directly studied with comparison to 
experimental results [56]. 
As laser ablation simulation requires modeling of thousands of molecules, it 
demands relatively long time for plume to be developed. More recently, a coarse-
grained model was developed to simulate the molecular dynamics of UV 
photochemical ablation. This method improved on the time and length limitations of 
previous models by substitute a non-essential part with a larger scale model which 
significantly increases the speed of molecular dynamics simulations. So Y.G. Yingling 
and B.J. Garrison included chemical reaction effects in coarse-grained model. It is 
named Coarse-Grained Chemical Reaction Model (CGCRM). Photochemical 
reactions of laser ablation on organic solids were successfully simulated using this 
model [57]. As shown in Fig 1-15, molecular yield is found to be related to laser 
fluence. 
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Fig 1-15. molecular yield as a function of laser fluence on chlorobenzene solids [57]. 
 
During a photothermal ablation process, temperature increase of the material 
controls the etching process. A numerical model was built by Ji and Wu [58] to study 
the temperature distribution in the sheet on which laser scans. The influence of the 
laser parameters (laser energy, scanning velocity and the thickness of sheet) was 
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analyzed. Dowden [59] explained in the book that the possibility of predicting the 
effects and results of heat deposition on material surface by laser through thermal 
modeling. Thermal modeling was very useful for estimating temperature distribution 
and thermal stress on a material. Another temperature computational model was built 
by Chen et al. to study the temperature field [60]. This model was based on the non-
Fourier heat transfer equation. Also it includes the discussion how the rate of heat 
transfer affects the temperature distribution and time step size. Shen et al. [61] 
established a finite element analysis model to study the influence of the heat transfer 
on laser scanned plates. The study found that the radiation heat exchange’s effect on 
boundaries is trivial. A uniform temperature gradient can be obtained by using the 
acceleration scanning scheme,. Computer model built up by multi-physics package 
FEMLAB Laser simulates laser ablation on ceramics surface. Particle distribution and 
temperature gradient were simulated with continuous and pulsed laser beams [62]. 
Gordon et al. [63] built up a finite element model which describes the thermal process 
of a 355 nm UV Nd:YAG laser ablation on polyimide. Their theoretical and 
experiments results revealed the relationship between laser etch rate and temperature 
as well as the laser frequency’s influence on removal of materials. In the end a 
temperature profile and a laser etched surface profile was obtained as shown in Fig 1-
16 a and b.  
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Fig 1-16. (a) Temperature profile of polyimide after one 10 µJ laser pulse; (b) 
Simulation results of surface profile created by laser pulse [63]. 
 
 
 
(a) 
(b) 
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Issa et al. [64] established a thermal model based on transient heat conduction 
model. A 10.6 µm CO2 laser was used in their study to create microchannels on the 
surface of soda-lime glass. The model predicted thermal distribution around the 
ablation site which advances to create ablation geometry based on the vaporization 
temperature of glass. As shown in Fig 1-17 a and b, a comparison was conducted 
between simulation results and experimental results with good agreement found.  
 
 
 
Fig 1-17. 3D (a) simulation preview of laser ablation profile on soda-lime glass and (b) 
experimental results [64]. 
 
A Matlab based thermal modeling tool was developed by Sinkovics et al. [65] 
which is improved in the aspect of dealing with non-uniform mesh and applying 
measured laser beam distribution to simulations. Finite difference method was used in 
finding the solution of heat conduction equation. A descriptive structure was found 
through the units of applied mesh’s thermal connections. 
                                               
60 
 
1.7.3 Review of structures/devices/processes fabricated or conducted by 
excimer laser 
Ablation surface quality is a critical factor which draws most attention. It was 
explored and improved continuously. There are mainly three types of microstructures 
that have been focused and paid attention to over the past years:  
1. Cone-shapes [26, 66];  
As shown in Fig 1-18, a sharp cone-shape microstructure was formed by 157 nm 
F2 laser on PMMA surface. It is accepted that this pattern was generated by shielding 
effect. The wall angle of the cone is decided by F/FT, the ratio of fluence to threshold 
fluence.  
 
 
 
Fig 1-18. Sharp cone-shape microstructure formed by 157 nm F2 laser on PMMA 
surface [66]. 
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2. Biaxial or uniaxial structure formed by relaxation of stress on hot laser heated 
surface [24, 67, 68];  
Experiments proved that the size of this kind of structure is mainly decided by 
laser wavelength. This is because wavelength variation changes thermal loading and 
threshold fluence FT. Thermal loading ensures the temperature to be high enough to 
release the material at certain depth into material surface. Especially for textile 
industry, there has been study on creating the laser induced structure on uniaxial 
polymer fibers [69]. 
3. Periodic structures induced by laser on material surface [70, 71].  
This type of structure is created by optical interference. As shown in Fig 1-19, 
the size of the grating like periodic structure can be extended into larger scale or 
controlled within a small scale about wavelength unit. There has been discussion 
about this laser induced periodic structures and the surface characteristics such as 
electrical conductivity that is changed by UV laser surface modification [72]. 
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Fig 1-19. Periodic morphology irradiated by 308 nm XeCl laser in air environment: (a) 
750mJ/cm-2 at 90 degree, (b) at 45 degree. [70] 
 
Many other applications emerged after the resolution of laser ablation reached 
micrometer and submicrometer scale [26, 73]. Industry found that excimer laser has 
unique advantages for a variety of applications, such as minimal thermal damage, 
minimum requirements on processing environment (does not require dust-free 
environment as conventional microfabrication) etc.  
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In 1980’s, IBM and Siemens were the first users of excimer laser drilling of 
circuit board and this is well developed continuously to be a major usage of excimer 
laser [74, 75, 76]. Another very important and popular application of excimer laser is 
the fabrication of optoelectronics devices such as periodic optical grating. Sub-100 
nm structures were demonstrated by Phillips et al. using KrF excimer laser with 
Talbot interferometer [77]. As shown in Fig 1-20, lab on a chip devices consists of 
microchannels was fabricated by excimer laser [78, 79]. 
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Fig 1-20. (a) Top view of a laser fabricated microfluidic through channel; (b) 3D 
schematic diagram of device [79]. 
 
And local removal of coatings on different kinds of wires is successful as well: 
insulation layer peeling off from wires [80] and acrylic surface removal from optical 
fibers [81], as shown in Fig 1-21, etc. There are some lately developed and still under 
developing applications which have drawn significant attention. For example, excimer 
laser was used to pattern organic films used in  display unit manufacturing or to grow 
(a) 
(b) 
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new organic materials layers by ablation deposition technique [82]. The pursuit of 
high resolution ablation has been kept going on all the time. It was reported that 157 
nm F2 laser has the ability of very high resolution machining [83]. 125 nm 
wavelength, Shorter than previously developed ones, laser ablation was also exploited 
[84]. 
 
 
 
Fig 1-21. SEM images of 248 nm KrF excimer laser stripped fiber [84]. 
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1.8 Objectives and Specific Aims 
This dissertation presents a comprehensive characterization study which provides 
guidelines to the efforts to identify optimal process parameters for excimer laser 
micromachining of micro-electro-mechanical systems (MEMS) materials. By using 
248 nm KrF excimer laser and 193 nm ArF excimer laser with five representative 
MEMS materials (Si, soda-lime glass, SU-8 photoresist, poly-dimethysiloxane 
(PDMS) and polyimide), relations between laser parameters (fluence, frequency and 
number of laser pulses) and etch rates in vertical and lateral directions, aspect ratio of 
laser machined trenches and surface quality were investigated. Through analysis of 
these relations, how the mechanisms of laser ablation processes and materials 
properties affect the interaction of laser and materials was discussed. The different 
characteristics of ArF and KrF excimer laser ablation were compared. Physical 
deformation in laser machined sites was investigated using SEM imaging. Energy 
dispersive x-ray spectroscopy (EDXS) was utilized to analyze material surface before 
and after laser ablation. This comprehensive characterization study provides 
guidelines to identify optimized laser ablation parameters for desired microscale 
structures on MEMS materials. In order to demonstrate the three-dimensional 
microfabrication capability of KrF and ArF excimer laser, two novel implantable 
biomedical microscale devices with 3D microstructures were successfully fabricated. 
 
                                               
67 
 
Aim 1: Characterization of KrF Micromachining of MEMS Materials 
Conventional photolithography-based microfabrication techniques are widely 
used to create microscale structures and devices nowadays. However, these 
techniques are limited to two-dimensional (2-D) fabrication and also to particular 
materials. Excimer laser micromachining enables to overcome those limitations and 
facilitates three-dimensional (3-D) microfabrication. Excimer laser machining of 
micro-electro-mechanical systems (MEMS) materials such as silicon and glass has 
been demonstrated in the past but few comprehensive and parametric studies on the 
process-feature relation are found in the literature.  
The general approach to realize Aim 1 is to use 248 nm KrF excimer laser and 
four representative MEMS materials (Si, soda-lime glass, SU-8 photoresist and poly-
dimethysiloxane (PDMS)) to obtain relations between laser ablation parameters 
(fluence, frequency and number of laser pulses) and etch performance such as etch 
rates in normal and horizontal directions, aspect ratio, and surface quality. The 
mechanisms behind the process-feature relations are discussed based on the 
experimental data.  This comprehensive characterization study presented here will 
provide guidelines to the efforts to identify optimal process parameters for excimer 
laser micromachining of MEMS materials. This part of work is described in Chapter 2 
EXPERIMENTAL CHARACTERIZATIONS: KRF EXCIMER LASER 
MICROMACHINING. 
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Aim 2: Characterization of ArF Micromachining of MEMS Materials 
As few publications can be found presenting parametric and comparison 
characterization study on both ArF and KrF excimer laser ablation on commonly used 
MEMS materials, it is very important to provide the community these comprehensive 
results as a guideline for MEMS materials processing for certain purpose.  
The representative MEMS materials selected for completing this aim are: Si, 
soda-lime glass, SU-8 photoresist, poly-dimethysiloxane (PDMS) and polyimide. The 
general approach used is to vary one laser parameter while keep all other parameters 
fixed. So laser fluence, frequency and number of laser pulses were set as variable and 
their relation with etch rate in depth and width, and aspect ratio of ablated structure 
were discussed by plotting them respectively. The comparison of KrF and ArF 
excimer laser ablation based on these characterization results were performed. The 
physical deformation of the ablation surface of these materials was investigated using 
SEM imaging. Energy dispersive x-ray spectroscopy (EDXS) was utilized to analyze 
material surface before and after laser ablation.   
Additionally, smallest feature which the system can create on Glass, SU-8 and 
PDMS were explored. Optical profiler was used to measure the depths of small 
features. Thin-films characterization was conducted on parylene and SiO2. Surface 
quality of holes machined under different fluence and number of laser pulses was 
inspected using SEM. This part of work is described in Chapter 3 EXPERIMENTAL 
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CHARACTERIZATIONS: ARF EXCIMER LASER MICROMACHINING. 
 
Aim 3:  Demonstration of 3D microfabrication capability of excimer laser 
Fabrication of several microdevices and microstructures is presented to 
demonstrate the 3-D microfabrication capability of excimer laser machining using 
optimized parameters obtained in characterization study. 
The first device is a miniaturized artificial device that can be implanted in the 
brain for the treatment of a disease called hydrocephalus, which is an abnormal 
accumulation of water-like liquid in the brain due to the deficient biologic valves 
called arachnoid granulations (AG). The artificial microdevice will replace the 
deficient AG restoring the normal absorptive function [85]. Excimer laser machining 
is applied to create through-holes in conical SU-8 microneedles and cut-opening in 
dome-shaped microvalves which are extremely difficult to create by conventional 
microfabrication techniques.  
The second device is floating braided microprobe which can be implanted into 
neural tissue or spinal tissue with minimized tissue damage to perform acute and long 
term intracortical and intraspinal recording. The individual wires consists of a metal 
(nichrome) core and polyimide insulation layer. Braided wires can collect signals 
from 23 different channels in contact with multiple neurons [86-88]. ArF excimer 
laser micromachining was applied to cut the wires to avoid flaring which resulted by 
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physical means such as razors.  Selective removal of the insulation layer at desired 
spots was attempted to create diverse signal collection points in the wires. 
Additionally, 3-D PDMS micropillar array with different length in a series were 
created. The SU-8 mold was micromachined by ArF excimer laser and it cannot be 
fabricated using conventional microfabrication technique. Polyimide coated silica 
tube machining is conducted by ArF excimer laser. 20 µm polyimide layer was 
successfully peeled with minimal damage to silica tube surface. 
This part of the work is described in Chapter 4 DEMONSTRATION OF 
APPLICATIONS. 
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CHAPTER 2 EXPERIMENTAL CHARACTERIZATIONS: KRF EXCIMER 
LASER MICROMACHINING 
 
2.1 Methods 
Excimer Laser system 
The excimer laser system used in this study is a class II, F110 gas type ultraviolet 
laser, Rapid X 250 series. Two types of gas mixture are connected into this system: 
Argon Flouride (ArF) gas mixture (0.17% F2, 5.33%Ar, 16.5% He and Ne) and 
Kripton Floride (KrF) gas mixture (0.12%F2, 2.3%He, 3.03%Kr and Ne). The former 
generates 193 nm wavelength excimer laser and the latter generates 248 nm excimer 
laser. These two wavelengths can be switched from one to another by changing the 
gas mixture filled inside to meet different ablation requirements. KrF provides higher 
energy than ArF in ablation. ArF excimer laser interacts with oxygen when exposed to 
air and generates ozone as a byproduct. So the entire optical path of ArF excimer laser 
needs to be purged with nitrogen. The energy efficiency of ArF is about only half of 
KrF. Shorter wavelength gas mixture requires stronger pumping of gas flow, 
especially when high repetition rates need to be achieved. The system runs on two 
major modes, energy (EGY) and high voltage (HV). Energy and voltage can be set to 
a fixed value respectively under these two modes. The voltage range is from 22KV to 
27KV and the energy range is from 40mJ to 180mJ. In order to reduce laser beam 
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energy for some low energy applications, the system is equipped with a 50% 
transmission rate attenuator for 193 nm wavelength and 60% plus a 20% attenuator 
for 248 nm wavelength. 
As shown in Fig 2-1, the excimer laser system consists of two major parts: laser 
source and micromachining station. Laser head is embedded in the laser source box. 
High voltage is applied to stimulate fluorinated gas mixture to generate excimer laser. 
Three sets of turning mirrors are placed in micromachining station to deliver laser 
beam onto sample stage. Three types of focal lens (55, 75 and 155 mm) can be 
selected to adjust the demagnification from 5X to 35X to accurately control ablation 
dimension. Sample stage is used to hold the sample. A microscope with CCD camera 
outputs magnified sample image to a monitor. The movement of sample stage is 
controlled by electrical motor along 4 axes: X, Y, rotation and tilting. The 
combination of these five movements can be used to create all kinds of 3-D 
microstructures. To improve micromachining efficiency and accuracy, the stage 
movement can be programmed inside of the system according to specific 
micromachining geometries. 
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Fig 2-1. Schematic drawing of the laser beam delivery system. 
 
Projection writing system 
In the projection writing system, a mask with a specific pattern is mounted in the 
light path. Normally the mask can be stainless steel with carved through area to let 
laser beam to transmit through. Thus the laser beam is altered to be the desired pattern. 
Normally, after the reimaging of laser beam, it produces the effect of demagnification. 
So on one hand, a much smaller scale feature can be created on the surface of work 
piece, on the other hand, a more complicated pattern can also be created in a simple 
way.  
Also the system can program the movement of the sample stage in five axis to 
form complicated structure. A mask with a hole or slit can be applied created the 
trajectory of the moving stage. 
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Fig 2-2. Schematic drawing of optical principle of projection writing system. 
 
The distance from mask to lens is called object distance, and the distance from 
lens to projected image is defined as image distance. FL is the focal length of the lens. 
The relationship between these three terms is defined as:  
1 1 1
FL OD ID
= +                                                                                                    3.1 
h0 defines the size of the object and hi is the size of the image. Demagnification 
is an important term used in laser ablation. It is defined as 
0 / id h h=                                                                                                              3.2 
It describes the ratio of the object size to the image size, and here this term 
implies that the image size is smaller than object size in order to create small feature 
size on work piece surface. 
So if assume that there is no energy loss or the energy loss can be neglected, the 
energy density is increased at the projected image side. This can be defined as  
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2
0ip p d=                                                                                                                                                                    3.3 
Where pi is the energy density at the image side, p0 is the energy density at the 
object side. 
 
 
Fig 2-3. Schematic relations of excimer laser ablation parameters and the method of 
projection writing with mask dragging. 
 
As shown in Fig 2-3, projection writing method is applied to ablate certain 
material to create a channel, by moving the sample stage in x direction at velocity of 
V=15 µm/s. The frequency of laser is f=3 Hz. So this indicates that the step size of 
laser beam is 5 µm. The beam diameter measured at the sample surface is D=15 µm. 
A height h=15 µm trench is produced with an angle of 45 degrees. The number 
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marked on figures represents the order of laser beams, and the location of these blocks 
marked by numbers indicates laser ablated material location with certain order. And 
this is how the 45 degrees angle is generated. The Nppd (Number of laser pulses 
bombarded per laser beam diameter) therefore is calculated: 
( ) NfDNppd shots
V
=                                                                                            3.4 
Where f is laser frequency, D is laser beam diameter and V is work piece 
dragging velocity. Here it is calculated to be 3 laser pulses which are shot onto sample 
surface, per laser beam diameter, in 15 µm length. Then etch rate of laser, which is 
defined as ablated depth in materials per laser cut, can be calculated as: 
( / ) hEtchrate m shot
Nppd
μ =                                                                               3.5 
Where h is the ablation depth under constant laser processing parameters. And 
the mean etch depth per laser pulse can be calculated as: 
 ( / )p
hh m cut
N
μ =                                                                                                3.6 
 
Factors that might affect etch rate of laser 
1. Laser parameters, fluence, frequency, number of laser pulses and velocity, that applied 
to ablation 
2. Different combination of photochemical and photothermal ablation mechanism 
3. Plasma shielding effect would reduce ablation rate 
4. When machining a high aspect ratio trench, there is diffraction effect taking place at 
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the entrance of the opening of the trench. It would reduce the ablation rate as well. 
5. As etching depth increases, reflection on the walls would also reduce and saturate etch 
rate 
6. As etching depth increases, laser beam would become lager because focalization 
changes, thus fluence decreases. 
 
2.2 Etch Rate and Aspect Ratio 
Si, soda lime glass, PDMS, SU-8 and polyimide (Table 2.1) are common MEMS 
materials that are widely used nowadays. These five materials were selected as test 
materials in this characterization work. Silicon is a traditional MEMS material and 
glass is widely used for lab on a chip and microfluidics applications. SU-8, PDMS 
and polyimide are polymeric materials often used for MEMS and bioMEMS 
applications. In order to find optimal excimer laser ablation recipes for best quality 
and processing efficiency on these MEMS materials, a set of parametric experiments 
were conducted followed by quantitative and qualitative analyses. 
Key laser parameters investigated in this study are as follows. Fluence (J/cm2) is 
the laser beam energy density measured at the ablation site; Frequency (Hz) is the 
number of laser pulses per second which is also named repetition rate; Number of 
laser pulses (N) is the number of laser pulses exposed onto the materials surface 
leading to ablation effect; Etch rate (µm/shot) is defined as total etched depth divided 
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by the number of laser pulses, in another word, the average depth (vertical etch rate) 
or width (lateral etch rate) etched into material surface per laser pulse; Aspect ratio is 
defined as the ratio of the depth to the width of a cross-sectional trench cut profile. 
For parametric study, one of the three laser parameters was set as variable while 
the other parameters were kept constant. Fluence (F), frequency (f) and number of 
laser pulses (N) were set as variables in order. Their effects on vertical and lateral etch 
rates, and aspect ratio were plotted respectively for the five MEMS materials. The 
laser beam was modified to a slit shape by the projection system with a stainless steel 
mask with a 190.5 µm wide slit mounted in the optical path. Ablation depths and 
widths were measured from the cross-sectional profile of trench cut using optical 
microscopy and aspect ratio was calculated from the measured etch depth and width. 
Etched surface was also investigated using SEM imaging. EDXS (energy dispersive 
x-ray spectroscopy) was also utilized to conduct chemical composition analysis.  
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Table 2-1. Physical properties of four MEMS materials used in this study. 
 
Properties 
Materials 
Si 
Soda-lime 
glass 
PDMS SU-8 
Mass density 
[kg/m3] 
2300 2520 0.97 1200 
Young’s 
modulus [KPa] 
1.85*108 72 360 ~ 870 4.02*106 
Poisson’s Ratio 0.28 0.23 0.5 0.22 
Tensile or 
fracture strength 
[MPa] 
7000 19-77 2.24 34 
Specific heat 
[kJ/kg K] 
0.7 1.329 1.46 1500 
Thermal 
conductivity 
[W/mK] 
148 0.9-1.3 0.15 0.2 
Melting point 
[oC] 
1414 1446 -50 ~ 40 82 
 
Figure 2-4 shows cross-sectional images of excimer laser-ablated channels on Si, 
Glass, SU-8 and PDMS surface captured using an optical microscope and a digital 
camera. The geometry of etched cross sections is tapered for all four materials. Si, 
SU-8 and PDMS have relatively clean and smooth cut edge and top surface of ablated 
trench. Soda-lime glass surface showed significant damages caused by relatively high 
energy laser pulse of KrF laser. PDMS has slight materials redeposition at the cut 
edge of top surface and obvious burnt area. As marked in the figure, ablation depth d 
and width w at top of the channel were measured for different laser parameter sets 
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(fluence, frequency, and number of shots) using the cross-sectional images followed 
by etch rate and aspect ratio (d/w) calculations. 
 
 
 
Fig 2-4. Side view images of excimer laser cuts on (a) Si, (b) glass, (c) SU8, and (d) 
PDMS. 
 
Figure 2-5 a-c show vertical etch rate of four materials as a function of fluence, 
frequency and number of laser pulses. Etch rate increases with fluence because 
photochemical and photothermal processes increase as the fluence (energy) of the 
(a) (b) 
(c) 
50 µm 
50 
(d) 
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laser increases. Si had the highest etch rate up to 8.63 µm/shot for a fluence of 61.171 
J/cm2 followed by PDMS, Glass, and SU-8 in order (Fig. 2-5 a). SU-8 and glass 
showed relatively lower etch rates compared to Si and PDMS and the reason remains 
unanswered. SU-8 etch rate increased very slowly as fluence increased and reached 
about 1.6 µm/shot for a fluence of 61.171 J/cm2. As the fluence increases from 0 to 
36.622 J/cm2, the etch rate increases more rapidly for all four materials. When the 
fluence is higher than 36.622 J/cm2, the etch rate appears to increase more slowly and 
begins to fluctuate. The etch rate curve of Si has more fluctuations than the other three. 
This fluctuation is caused by the melted Si material during laser ablation process. It 
makes the ablation geometry hard to precisely control and results in more fluctuation 
in ablation depth. The other materials are not single crystalline materials and 
consequently melting has less impact on them. The etch rate of soda lime glass also 
shows significant fluctuation and this is assumed to be due to cracking in the ablated 
area.  
The effect of frequency on etch rate turned out to be much less significant than 
fluence (Fig. 2-5 b). The etch rates of all four materials remained nearly constant as 
the frequency was increased up to 100 Hz. Since the duration time of laser pulse was 
20 ns, changing frequency from 1 Hz to 100 Hz, the interval between each pulse was 
always much longer than 20 ns. So if the laser fluence and number of laser pulses 
remain the same, variation of frequency in this range would not make much change to 
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etch rate. However, frequency has significant influence on the surface quality as it 
will be discussed later.   
Figure 2-5 c shows the effect of the number of laser pulses on etch rate. The etch 
rate (per shot) decreases with the number of laser pulses for all four materials. This is 
because of gradually out of focus, plume effect [14] and ablated material particles 
propelled from material bulk towards the incoming direction of laser beam. The 
second and third effects will block the laser path and result in energy loss in laser 
beam. These effects become stronger as ablation depth go deeper into the material 
when more laser pulses were shot onto material surface. The etch rate of Si decreased 
dramatically from 54.08 to 11.31 µm/shot when the number of laser pulses increased 
from 1 to 25, then decrease slower and appears to saturate at higher number of laser 
pulses. The other three materials showed less abrupt decrease in etch rate as a function 
of the number of laser pulses. The etch rate in vertical direction is mainly dependent 
on laser fluence and greatly affected by plume effect which revealed by its relation 
with number of laser pulses. Frequency has little influence on etch rate in vertical 
direction. 
Figure 2-5 d-f shows lateral etch rate of four materials as function of laser 
fluence, frequency and number of laser shots. The lateral etch rate was calculated 
from the etched width at the top surface of the substrate and the number of shots. As 
shown in Figure 2-5d, the etch rate of all four materials increases as laser fluence 
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increases. However, the etch rate increase is not as significant as it was in the vertical 
direction. For all four materials, the difference of etch rate at lowest and highest 
fluence was less than 0.5 µm/shot. This indicates that as fluence increases, the width 
of laser cut at material surface only increased a small amount. Since the projection 
technique was applied, the energy distribution of laser beam passing through metal 
mask should be almost uniform. As laser fluence increases, more and more photon 
energy is transferred into lattice vibration energy which disperse in transverse 
direction as well as in vertical direction. In macroscopic view, the heating effect in the 
photothermal ablation process is intesified and more materials in horizontal direction 
are melted and vaporized enlarging the width of laser cut. An interesting observation 
is that SU-8 has the highest etch rate in horizontal direction followed by glass, Si and 
PDMS. This order is quite opposite to the etch rate in vertical direction. As the shape 
and energy of laser beam applied to four materials are identical, this order indicates 
that SU-8 has the highest ablation width followed by glass, Si and PDMS. PDMS and 
Si has the smallest ablation width close to each other. For all four materials, ablation 
process is the combination of photothermal and photochemical ablation processes [15]. 
The etch rate and albation dimension are dependent on different laser parameters 
(fluence, frequency and number of laser pulses) and specific material properties: 
phase transitions, specific heat, thermal conductivity, optical penetration, ablation 
threshold and evaporation kinetics etc [89]. All these factors have influences on 
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material etch rate and each of them should be taken into account for explaining the 
different order of material etch rate. 
Frequency does not affect the width of laser cut much as shown in figure 2-5 e. 
The effect of the number of laser pulses on etch rate was also similar to the vertical 
etching case showing significant decrease with the number of laser pulses in all four 
materials. The etch rate in horizontal direction is dependent on the width of the laser 
beam whose energy is above ablation threshold. Frequency and number of laser 
pulses do not change the energy, so these two factors have minimum affection on etch 
rate.  
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Fig 2-5. Etch rates per laser pulse in the direction perpendicular (a-c) and horizontal 
(d-f) to material surface as a function of (a, d) fluence (fluence (F) varied from 3.77 to 
66.18 J/cm2), (b, e) frequency (frequency (f) varied from 1 to 100 Hz), and (c, f) 
number of shots (number of shots (N) varied from 5 to 100). Default conditions were 
F = 34.94 J/cm2, f = 50 Hz, and N = 25). 
(a) f = 50 Hz, N = 25 
(b) F = 34.94 J/cm2, N = 25 
(c) F = 34.94 J/cm2, f = 50 Hz 
(d) f = 50 Hz, N = 25 
(f) F = 34.94 J/cm2, f = 50 Hz 
(e) F = 34.94 J/cm2, N = 25 
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Figure 2-6 shows the aspect ratio of laser machined patterns as functions of laser 
parameters. Si showed the highest aspect ratio, followed by PDMS whose aspect ratio 
was about the half of Si; glass and SU-8 showed much lower aspect ratio close to each 
other. As shown in Figure 2-6 a, Si and PDMS showed rapid increase in aspect ratio 
as fluence increased from 3.768 to 36.622 J/cm2. This indicates that in this energy 
range, ablation depth increases faster than ablation width. From 36.622 J/cm2 and 
onward, aspect ratio fluctuate at certain level because in this energy range both 
ablation depth and width increase slowly at similar rates. Compared with Si and 
PDMS, the aspect ratio of glass and SU-8 increased very slowly as fluence increased 
from 3.7678 to 66.183 J/cm2. This is because the ablation depth increases only a little 
faster than ablation width for these two materials. However, the aspect ratio of glass 
curve fluctuates more than SU-8. This may be due to cracking and other damages on 
the ablated area of glass surface. Figure 2-6 b shows the effect of frequency on the 
aspect ratio of all four materials. Si showed the highest aspect ratio of about 15, 
follwed by PDMS (~ 6), glass and SU-8 close to each other (~ 1) though it showed 
some fluctuation in the value. Overall, the aspect ratio of these materials is not 
affected by laser frequency. This is because neither ablation depth nor width is 
affected by frequency change. Figure 2-6 c shows the effect of the number of laser 
pulses on the aspect ratio. Si showed significant increase in the aspect ratio as the 
number of laser pulses increased from 1 to 25 pulses. However, the curve was 
                                               
87 
 
saturated at around 19 at higher number of laser pulses. The other three materials 
showed gradual increase in the aspect ratio as a function of the number of laser pulses.  
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Fig 2-6. Aspect ratio as a function of (a) fluence (fluence (F) varied from 3.77 to 
66.18 J/cm2), (b) frequency (frequency (f) varied from 1 to 100 Hz), and (c) number 
of shots (number of shots (N) varied from 5 to 100). Default conditions were F = 
34.94 J/cm2, f = 50 Hz, and N = 25). 
 
(a) f = 50 Hz, N = 25 
(b) F = 34.94 J/cm2, N = 25 
(c) F = 34.94 J/cm2, f = 50 Hz 
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2.3 Surface Quality 
The SEM images in Figures 2-7 and 2-8 show how the changes of laser 
parameters affect the laser ablated PDMS and SU-8 surface quality. For PDMS, laser 
ablation causes volcano-like patterns at the surface as shown in Figure 2-7. This 
volcano pattern is considered to be due to the re-deposition of ablated material. As 
fluence increases, the overall size of the volcano pattern does not seem to be enlarged 
while the ablated pattern becomes wider and deeper. As frequency increases however, 
the size of the volcano pattern as well as the size of ablated hole increases. This 
indicates that higher frequency of the laser results in more energy transferred within 
unit time. More chemical bonds would be broken by dispersed energy which results in 
larger ablated area. So if less re-deposition and smaller volcano shape is preferred, 
high fluence and low frequency should be selected. In the case of SU-8, fluence was a 
more dominant factor in terms of surface quality than frequency (Figure 2-8). 
Medium fluence produced better representation of mask pattern on material surface. 
At high fluence, cracking on the structure edge was observed and surrounding area 
was burnt by high energy. So in order to obtain good ablation surface quality with fast 
processing efficiency, medium fluence and high frequency seems to be the best choice.  
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Fig 2-7. SEM images of laser machined holes in PDMS with different fluence (7.740, 
36.622, and 66.183 J/cm2) and frequency (10, 50, and 100Hz). 
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Fig 2-8. SEM images of laser machined holes in SU-8 with different fluence (7.740, 
36.622 and 66.183J/cm2 ) and frequency (10. 50, and 100Hz). 
 
In order to investigate the debris around the laser ablated area, energy dispersive 
x-ray spectroscopy (EDXS) was utilized for identifying the chemical composition of 
the debris and the data is shown in Figure 2-9. For inorganic substrates (Si and glass), 
the atomic percentage of silicon and oxygen is shown for before and after laser 
ablation.  For organic substrates (SU-8 and PDMS), the atomic percentage of carbon, 
silicon, and oxygen is shown. For Si and glass, it is clearly shown from the increased 
amount of oxygen that the debris is mainly oxidized silicon. For SU-8 and PDMS, 
again oxygen amount increased and silicon and carbon decreased indicating that the 
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debris is oxidized products.  
 
 
Figure 2-9. Energy disperse X-ray spectroscopy (EDXS) analysis of atomic 
composition of the ablation debris for different substrates: (a) Silicon, (b) Glass, (c) 
SU-8 and (d) PDMS. 
 
2.4 Small Feature Machining: Si 
In order to explore the small scale feature creation by KrF excimer laser on Si 
surface, a series of experiments were conducted. Projection mask were tested from 50 
µm to 30 µm with 35 times demagnification. It was found that pattern cannot be 
created using 30 µm glass mask and 40 µm mask was found to be able to create the 
smallest hole. As shown in Fig 2-10, the width of KrF excimer laser drilled holes on 
(c) SU-8 (d) PDMS 
(a) Silicon (b) Glass 
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Si surface were plotted versus the number of pulses for three laser fluences from low 
to high as 4.21, 40.01 and 66.18 J/cm2, respectively. When laser fluence remained 
fixed, the ablation width was enlarged by increasing laser pulses number. However, 
this was not directly a proportional relation. Ablation width increased fast when laser 
pulses increases from 1 to 1000 pulses but after 1000 pulses it increased slowly. With 
the same number of laser pulses applied, the width of drilled holes increased as laser 
fluence increases. So increase number of laser pulses and laser fluence would both 
enlarge the ablation width. The smallest feature on Si surface was 2.12 µm, created by 
40.01 J/cm2 with 1 single shot. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 2-10. The widths of small features created on Si surface as a function of number 
of laser pulses. 
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The depths of holes were measured by optical profiler (Zygo NewView 6000). 
As shown in Fig 2-11, the depth of KrF laser drilled holes also increased as number of 
laser pulses or laser fluence increase. Similarly, these relations were not directly 
proportional. The increase is fast initially with the first 1000 pulses but gradually 
tends to saturate as the number of laser pulses kept increasing, which is similar to the 
results from our previous report on a larger scale hole drilling characterization. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 2-11. The depths of small features created on Si surface as a function of number 
of laser pulses. 
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CHAPTER 3 EXPERIMENTAL CHARACTERIZATIONS: ARF EXCIMER 
LASER MICROMACHINING 
 
3.1 Etch rate and Aspect Ratio 
Si, soda lime glass, PDMS, SU-8 and polyimide (Table 3-1) are common MEMS 
materials that are widely used nowadays. These five materials were selected as test 
materials in this characterization work. Silicon is a traditional MEMS material and 
glass is widely used for lab on a chip and microfluidics applications. SU-8, PDMS 
and polyimide are polymeric materials often used for MEMS and bioMEMS 
applications. In order to find optimal excimer laser ablation recipes for best quality 
and processing efficiency on these MEMS materials, a set of parametric experiments 
were conducted followed by quantitative and qualitative analyses. 
Key laser parameters investigated in this study are as follows. Fluence (J/cm2) is 
the laser beam energy density measured at the ablation site; Frequency (Hz) is the 
number of laser pulses per second which is also named repetition rate; Number of 
laser pulses (N) is the number of laser pulses exposed onto the materials surface 
leading to ablation effect; Etch rate (µm/shot) is defined as total etched depth divided 
by the number of laser pulses, in another word, the average depth (vertical etch rate) 
or width (lateral etch rate) etched into material surface per laser pulse; Aspect ratio is 
defined as the ratio of the depth to the width of a cross-sectional trench cut profile. 
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For parametric study, one of the three laser parameters was set as variable while 
the other parameters were kept constant. Fluence (F), frequency (f) and number of 
laser pulses (N) were set as variables in order. Their effects on vertical and lateral etch 
rates, and aspect ratio were plotted respectively for the five MEMS materials. The 
laser beam was modified to a slit shape by the projection system with a stainless steel 
mask with a 190.5 µm wide slit mounted in the optical path. Ablation depths and 
widths were measured from the cross-sectional profile of trench cut using optical 
microscopy and aspect ratio was calculated from the measured etch depth and width. 
Etched surface was also investigated using SEM imaging. EDXS (energy dispersive 
x-ray spectroscopy) was also utilized to conduct chemical composition analysis.  
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Table 3-1. Physical properties of five MEMS materials used in this study. 
 
 
 
Fig 3-1 a-e are cross-sectional view of microscopic images of ArF excimer laser 
ablated channels on Si, Glass, SU-8, PDMS and polyimide surfaces. The ablated 
geometries are tapered in all materials. The ablated openings are smooth with no 
significant damage to the surrounding area. This can be attributed to relatively low 
ablation energy of ArF excimer laser. Si showed a fairly large heat-affected zone from 
middle to bottom of the trench. The opening of the trench on glass surface is very 
sharp and the surrounding area does not show any sign of heat effect. SU-8 and 
Properties 
Materials 
 
Si Soda-lime glass PDMS SU-8 Polyimide 
Mass density 
[kg/m3] 2300 2520 0.97 1200 
1430 
kg/m3 
Young’s modulus 
[KPa] 1.85*10
8 72 360 ~ 870 4.02*106 3.2*106 
Poisson’s Ratio 0.28 0.23 0.5 0.22 0.34 
Tensile or 
fracture strength 
[MPa] 
7000 19-77 2.24 34 75-90 
Specific heat  
[kJ/kg K] 0.7 1.329 1.46 1.5 1.15 
Thermal 
conductivity 
[W/mK] 
148 0.9-1.3 0.15 0.2 0.52 
Melting point 
[oC] 1414 1446 NA NA 500 
Vaporization 
temperature [oC] 3265 2230 310 380 550 
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polyimide yield relatively wider ablation width at the opening and less sharp opening 
than other materials. For PDMS, cracks appear around the ablated trench and radiate 
towards the bulk of material. 
 
 
 
Fig 3-1.  Side view images of excimer laser cuts on (a) Si, (b) glass, (c) SU8, (d) 
PDMS and (e) polyimide. 
50 µm (a) Si (b) Glass 
(c) SU8 (d) PDMS 
(e) Polyimide 
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In order to study the light absorption by the five materials, UV-VIS spectroscopy 
(Lambda 35, Perkin Elmer) was conducted in the wavelength range from 200 nm to 
300 nm. Absorbance spectrum provides important information of how well light of a 
certain wavelength is absorbed by specific material. This information was used to 
analyze etch rates of different materials. Due to the system limitation of UV-VIS, the 
shortest wavelength that can be measured was 200 nm, which is slightly higher than 
the wavelength of ArF, 193 nm. 
UV light absorbance spectrum of the five materials is shown in Fig 3-2. Light 
absorbance has significant effect on laser etch rate of certain material. Among the five 
materials, Si has a significantly higher absorbance in UV range than the other 
materials, followed by SU-8, polyimide, glass and PDMS. As wavelength decreases, 
absorbance decreased gradually for all materials and approached to constant values. 
Although the shortest wavelength tested was 200 nm we can safely assume that the 
absorbance spectrum at 193 nm will be close to the values at 200 nm.  
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direction. For PDMS, SU-8 and Polyimide, however, their specific heat is high and 
thermal conductivity is low. So photothermal ablation process contributes less than it 
does in the case of Si during materials etching process. In the case of glass, thermal 
conductivity is higher than polymeric materials but its melting point is also much 
higher than the polymeric materials. This may be the reason for the low etch rate of 
glass. On the other hand, from the photochemical aspect, materials’ absorbance at 193 
nm significantly affects etch rate. If only consider and compare absorbance’s affect on 
etch rate, better absorbance would result in higher etch rate. As shown in Fig 3-3, Si 
has much higher absorbance than the other four materials. This is also in accordance 
with the etch rate difference in Fig 3-3a which reflects that Si’s etch rate is in leading 
position with significant advantage compared to the other four.  
Fig 3-3b shows the relation between vertical etch rate and laser frequency. The 
five materials’ etch rate order was the same as shown in Fig 3-3a and remained 
unchanged with frequency. Though some fluctuations are shown in Si, overall no 
significant changes in etch rate is observed in each curve as laser frequency increases. 
So etch rate in vertical direction is not affected by laser frequency in all materials.  
Fig 3-3c shows the relation between etch rate in vertical direction and number of 
laser pulses which reached materials surface. For all five materials except glass, etch 
rate per pulse decreases as number of laser pulses increases. One reason is that laser 
beam will gradually become out of focus as the ablation depth goes deeper, the laser 
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energy cannot be focused at the ablation surface to effectively remove material. 
However, even if the focused beam can be adjusted following etched profile, etch rate 
still would decrease as number of pulses increase. This is because as ablation depth 
goes deeper, the travel distance of laser beam from the material surface to the bottom 
of the ablated trench becomes longer and more energy will be absorbed by plume on 
the way [28]. This explains why glass etch rate is not decreasing as number of laser 
pulses increases from 10 to 100. Glass has the lowest etch rate among all materials 
around 0.6 µm/shot. When the number of laser pulses is 100, the etching depth is only 
60 µm, not deep enough for the two major effects discussed above to significantly 
reduce etch rate. Among these five materials, Si and PDMS still have relatively higher 
etch rate, etch rates of SU-8 and polyimide are lower and close to each other. PDMS 
has lower thermal conductivity than SU-8 and polyimide but showed higher etch rate. 
We assume that PDMS has higher optical penetration depth than the other two 
materials. Photochemical ablation significantly must have affected the entire ablation 
process and should be responsible for the higher etch rate of PDMS.  
Fig 3-3 d shows the relation between etch rate in lateral direction and laser 
fluence. As laser fluence increases, energy applied to ablation site within unit 
area/time increases, and part of this energy is absorbed into surrounding material. The 
higher the laser fluence is, the more energy will be absorbed and dispersed. And the 
etch rate in the lateral direction seems to be significantly affected by thermodynamic 
                                               
103 
 
properties of material such as thermal conductivity, density, and specific heat. 
Overall, the etch rate increases with fluence but the increase was not as significant as 
in vertical direction. This is mainly due to focused laser beam constantly moving in 
vertical direction. Another interesting point is that the order of etch rates in lateral 
direction is different from the order observed in vertical direction. Polyimide and SU-
8 have the highest etch rates, followed by PDMS, glass and Si. The thermal 
conductivity of Si is much higher than the other materials, so laser energy is better 
dispersed in lateral direction. For those materials with low thermal conductivity, laser 
energy is less absorbed or dispersed. This part of extra energy is confined at the 
ablation spot and yields wider opening in lateral direction. However, diverse material 
properties such as phase transitions, optical penetration, ablation threshold and 
evaporation kinetics etc [10] may have significant influence on the entire etching 
process. All these factors should be taken into account for explaining the different 
order of material etch rates in vertical and lateral directions. This makes it a 
complicated process so the complete explanation for this difference remains 
unanswered. 
Fig 3-3 e shows the relation between etch rate in lateral direction and laser 
frequency. While all other laser parameters are fixed, etch rates for all materials 
fluctuate gently as laser frequency increases. This graph indicates that etch rates in 
lateral direction also are not affected by laser frequency. However, among these five 
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materials, Si showed relatively higher fluctuation than others. Especially at high 
frequency, etch rate of Si slightly increases as frequency increases. Higher frequency 
caused more laser energy bombarded in ablation area within unit time and more heat 
is converted from laser energy and dispersed into the surrounding area via its high 
thermal conductivity, resulting in higher etch rate. Fig 3-3 f shows the relation 
between etch rate in lateral direction and number of laser pulses. As the number of 
laser pulses increases from 10 to 100, etch rates of all five materials decrease. This 
indicates that ablation width is barely increasing while laser fluence and laser 
frequency are both fixed. 
 
 
 
 
 
 
 
 
 
 
 
                                               
105 
 
 
Fig 3-3. Etch rates per laser pulse in the direction perpendicular (a-c) and parallel (d-
f) to material surface as a function of (a, d) fluence (fluence (F) varied from 6.24 to 
29.59 J/cm2), (b, e) frequency (frequency (f) varied from 10 to 100 Hz), and (c, f) 
number of shots (number of shots (N) varied from 10 to 100). Default conditions were 
F = 16.76 J/cm2, f = 50Hz, and N = 100). 
(a) f=50Hz; N=100; (d) f=50Hz; N=100; 
(b) F=16.76 J/cm2; N=100; (e) F=16.76 J/cm2; N=100; 
(c) F=16.76 J/cm2; f=50Hz; (f) F=16.76 J/cm2; f=50Hz. 
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Fig 3-4 a-c show the the relation between aspect ratio of the laser machined slot 
on all five materials surfaces and laser parameters (fluence, frequency and number of 
laser pulses). The aspect ratio of Si is always higher than the others under the same 
ablation parameters because the etch rate of Si is higher than other materials in 
veritical direction but lower in lateral direction. As shown in Fig 3-4 a, as laser 
fluence increases, aspect ratio of laser machined trench on Si increase, while it 
remains almost constant in other materials. Si has much higher aspect ratio, from 6.37 
to 17.59, than other materials (all below 4). This result indicates that it would be 
difficult to machine high aspect ratio trench on glass, SU-8, PDMS and polyimide 
surface by adjusting laser fluence. Si is relatively easy to achieve high aspect ratio. As 
shown in Fig 3-4 b, laser frequency has no significant effect on the aspect ratio in all 
materials. The significant fluctuation for Si is basically a reproduction of the trend in 
its vertical etch rate. As shown in Fig 3-4 c, as number of laser pulses increases, 
aspect ratio of all five materials increases. While increasing number of laser pulses 
from 10 to 100 with fluence and frequency fixed, Si still has highest aspect ratio, from 
2.73 to 11.15. Followed by PDMS from 2.20 to 5.36. The other three materials has 
relatively low aspect ratio less than 3. As the number of laser pulses keeps increasing 
over 100, all five curves will eventually saturate at certain point because etch depth 
and width will both stop increasing when number of laser pulses go beyond certain 
value as we explained in a previous paragraph. 
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Fig 3-4. Aspect ratio as a function of (a) fluence (fluence (F) varied from 6.24 to 
29.59 J/cm2), (b) frequency (frequency (f) varied from 10 to 100 Hz), and (c) number 
of shots (number of shots (N) varied from 10 to 100). Default conditions were F = 
16.76 J/cm2, f = 50Hz, and N = 100). 
 
(a) f=50Hz; N=100; 
(b) F=16.76 J/cm2; N=100; 
(c) F=16.76 J/cm2; f=50Hz; 
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3.2 Surface Quality 
The SEM images in Fig 3-5 show the effect of laser fluence and frequency on the 
surface quality of area that laser beam affected. Three different laser fluence (8.15, 
16.76, and 29.59 J/cm2) and three different laser frequencies (10, 50 and 100 Hz) were 
selected for the study. So a total of 9 different combinations were tested and 
corresponding SEM images were taken for each material.  
For Si, laser ablation generates volcano-like structures at the edge of the laser 
machined trenches as shown in Fig 3-5. As laser fluence increases, volcano shape 
structures become bigger, and more cracks around ablation site appeared. It indicates 
that processing Si with high laser fluence causes greater damage to material surface 
with significant amount of redeposited material produced. As laser fluence increases, 
the width of the trench increases as well. So laser fluence seems to be the dominant 
factor for the surface quality of laser ablation on Si. For applications that require best 
surface quality and least damage, low fluence is recommended. High frequency can 
be selected to make up for the slow processing time due to low fluence.  
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Figure 3-5. SEM images of laser machined channels in Si with different fluence (8.15, 
16.76, and 29.59 J/cm2) and frequency (10, 50, and 100Hz).  
 
For glass, as we can see in Fig 3-6, the surface quality is better than Si after laser 
ablation. The channel edge is smooth and no obvious volcano-like structure is 
observed. As laser fluence increases, the kerf width and the amount of redeposited 
material debris increase gradually. As frequency increases, no significant change in 
surface quality was observed. So for a clean surface, low fluence is preferred and a 
high laser frequency can be selected for fast ablation. For SU-8, the redeposited 
material debris is minimal (Fig 3-7) but the kerf width and heat-burnt area increases 
as laser fluence increases. Changing laser frequency does not affect SU-8 ablation 
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surface quality. Under high fluence of 29.59 J/cm2, as frequency increases, greater 
damage appears at the edge of machined trench. So for good surface quality ablation 
of SU-8, low fluence and high frequency is recommended. For PDMS, kerf width 
increases as laser fluence increases. Cracks are also found at high fluences (Fig 3-8). 
Significant redeposition and damages were observed at high fluences. However, laser 
frequency seems to have minor effect on the surface quality. So again, low fluence 
and high frequency is preferred for good surface quality and fast ablation. For 
polyimide, kerf width still increases as laser fluence increases. Obvious heat burnt 
area appeared at the edge of the machined trench (indicated by different colors) (Fig 
3-9). At a higher laser fluence of 29.59 J/cm2, kerf width increased significantly and 
some cracks were observed at the bottom of the trench. Laser frequency does not have 
much influence on ablated polyimide surface quality. Fig 3-10 shows a low 
magnification view of the machined surface and it seems that significant area is 
affected by the heat generated by the ablation. Therefore, for minimal 
damage/deformation and clean cuts, low fluence should be selected.  
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Figure 3-6. SEM images of laser machined channels in glass with different fluence 
(8.15, 16.76, and 29.59 J/cm2) and frequency (10, 50, and 100Hz). 
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Figure 3-7. SEM images of laser machined channels in SU-8 with different fluence 
(8.15, 16.76, and 29.59 J/cm2) and frequency (10, 50, and 100Hz).  
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Figure 3-8. SEM images of laser machined channels in PDMS with different fluence 
(8.15, 16.76, and 29.59 J/cm2) and frequency (10, 50, and 100Hz).  
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Figure 3-9. SEM images of laser machined channels in polyimide with different 
fluence (8.15, 16.76, and 29.59 J/cm2) and frequency (10, 50, and 100Hz).  
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Fig 3-10. SEM images of nine laser machined channels on polyimide surface. 
 
 
In order to study the composition of material debris around laser machined 
trench, energy dispersive x-ray microanalysis system (EDXS) was utilized. Fig 3-11 
shows the material composition before and after ablations. Oxygen percentage 
increased after laser ablation for all five materials indicating that materials are 
oxidized during the ablation process.  
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Fig 3-11. Energy disperse X-ray spectroscopy (EDXS) analysis of atomic composition 
of the ablation debris for different substrates: (a) Silicon, (b) Glass, (c) SU-8, (d) 
PDMS and (e) polyimide. 
 
 
(a) Silicon (b) Glass 
(c) SU-8 (d) PDMS 
(e) Polyimide 
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3.3 Small Feature Machining: Glass, SU-8, PDMS and Thin-films 
In a consistent form with KrF characterization of small feature creation, ArF 
excimer laser was used to characterize the small feature creation on glass, PDMS and 
SU-8 surfaces. Glass mask with hole pattern in diameter from high to low to test how 
small feature size ArF excimer laser can machine on material surface. Laser fluence 
from low to high of 4.71, 13.39 and 29.59 J/cm2 were selected. Under each laser 
fluence, number of laser pulses applied increase from 1 to 5000 pulses. Optical 
profiler (Zygo NewView 6000) was used in measurements of hole dimension. 
As shown in Fig 3-12 and Fig 3-13, the width and depth of holes drilled on glass 
surface increase as laser fluence and laser pulses number increase but not linearly. 
Under the 4.71 J/cm2 fluence, the system was not able to create desired hole pattern 
on glass surface with current optics set (triplet focal lens). So the other two laser 
fluence with medium and high energy were tested. As the number of laser pulses 
increase from 1 to 1000, the width and depth of holes increased quickly. From 1000 to 
5000 pulses, the increase rate dropped gradually. The smallest diameter of drilled 
holes was found to be 1.97 µm using 100 pulses of 13.39 J/cm2. The projection mask 
size is a hole with 50 µm in diameter and the demagnification of the optics is 35 times. 
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Fig 3-12. The widths of small features created on glass surface as a function of 
number of laser pulses. 
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Fig 3-13. The depths of small features created on glass surface as a function of 
number of laser pulses. 
 
For PDMS, glass mask of a hole pattern with diameter of 50 µm was used to 
characterize small feature creation on PDMS surface. Three laser fluence of 4.71, 
13.39 and 29.59 J/cm2 were tested. As shown in Fig 3-14 and Fig 3-15, both the 
increase in number of laser pulses and laser fluence increase the width and depth of 
drilled holes. Dimension of holes increase faster when number of laser pulses increase 
from 500 to 1000 pulses. In the lateral direction, fluence increase from 13.39 to 29.59 
J/cm2 yielded a larger increase. In vertical direction, the same increase in fluence only 
caused small increase. It indicates that for small features, fluence change has greater 
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influence on drilled hole width than depth. The smallest hole dimension was found to 
be 2.12 µm using 4.71 J/cm2 and 600 laser pulses. 
 
 
Fig 3-14. The widths of small features created on PDMS surface as a function of 
number of laser pulses. 
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Fig 3-15. The depths of small features created on PDMS surface as a function of 
number of laser pulses. 
 
For SU-8, glass mask with hole of 50 µm in diameter was mounted combined 
with demagnification of 35 times. However, under low energy of 4.71 J/cm2, no 
features can be created. As shown in Fig 3-16, the smallest hole with 2.12 µm in 
diameter was created under 13.39 J/cm2 with 100 laser pulses. As number of laser 
pulses increases, the width of the holes increased but very slowly. It indicates that the 
increase in number of laser pulses does not have much influence on hole diameter 
under the same laser fluence. As laser fluence increases, the width of holes increase 
significantly using the same number of laser pulses. So for SU-8, the most important 
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factor to create small feature size is the fluence variation. 
 
 
Fig 3-16. The widths of small features created on PDMS surface as a function of 
number of laser pulses. 
 
Thin film characterization was conducted on 1 µm SiO2 film and 10 µm parylene 
film, respectively. Silicon dioxide consists of strong and directional covalent bonds. It 
is a very good dielectric material which is indispensable in IC fabrication. Parylene is 
a good biocompatible material which can be used in many biomedical applications. 
Parylene thin film is water-resistant and can protect device from erosion and extend 
the duration of device. It can be uniformly coated onto devices surface with good 
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surface conformability. 
SEM imaging system was used to investigate the surface morphology variation 
as laser parameters change. One parameter out of laser fluence and number of laser 
pulses was set as variable while the other one was fixed along with laser frequency. 
As shown in Fig 3-17, laser fluence was set to be 10.70 J/cm2 and number of 
laser pulses increased from 1 to 20 pulses. No obvious ablation was observed under 
SEM with laser pulses less than 11 pulses applied. Pattern was observed when laser 
pulses increased to 11 pulses (Fig 3-17 a). A round pattern with diameter about 3 µm 
was created on the surface. Material debris in ribbon shape was generated on the edge 
of the round pattern after laser ablation. Smaller materials debris can be also found at 
the center part and surrounding area of laser ablated pattern. And this redeposited 
debris amount slightly increased as number of laser pulses increases. Fig 3-17 b-f are 
SEM images of holes drilled by 12, 14, 16, 18 and 20 pulses. As laser pulses number 
increases, the representation of mask pattern became better. However, the damage 
generated to surrounding area is also more serious. It is interesting that the volumn of 
ribbon shape debris reduced. At center of the laser drilled pattern, more melted 
structure can be observed. And this is the melted and reflowed Si bulk under silicon 
dioxide layer. 
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Fig 3-17. SEM images of test patterns on SiO2 thin film with increasing number of 
laser pulses with fluence of 10.70 J/cm2. 
 
As shown in Fig 3-18 a-f, laser fluence increased from 4.71 to 29.59 J/cm2 while 
the number of laser pulses was fixed at 5. When the lowest energy was applied, ribbon 
shape redeposited material can be clearly observed at the pattern edge. As laser 
fluence increases, the volumn of this debris reduced but the amount of small debris 
obviously increased. Increase in laser fluence generated deeper hole with more melted 
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and reflowed Si on the edge of the pattern. However, mask pattern representation also 
became better with higher laser fluence applied. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 3-18. SEM images of test patterns on SiO2 thin film with increasing laser fluence 
from 4.71 to 29.59 J/cm2 and 5 laser pulses. 
 
Using the same method of silicon dioxide thin film characterization, the pattern 
morphology variation on parylene thin film was investigated under SEM. As shown in 
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Fig 3-19, test patterns on parylene thin-film surface were created by different laser 
pulses in an increasing trend with fluence fixed at 10.70 J/cm2. As laser pulse number 
increases, the color in the center part of the pattern became darker. This indicates that 
the depth from surface into the bottom of ablated morphology is higher and heat burnt 
area is larger. Also the redeposited material increased significantly with fluence 
increase. However, ablated pattern did not show obvious increase in its size. Increase 
only in the number of laser pulses will not affect the pattern size. The cracks on 
material surface actually existed in the metal layer coated for SEM imaging usage as a 
conductive layer. 
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Fig 3-19. SEM images of test patterns on parylene thin film surface with increasing 
number of laser pulses and fluence of 10.70 J/cm2. 
 
As shown in Fig 3-20, SEM images were taken for test patterns on parylene 
surface with increasing laser fluence and 5 laser pulses applied. As laser fluence 
increased from 4.71 to 29.59 J/cm2, the pattern sizes have slightly increased. This 
indicates that increase in laser fluence dispersed more energy into surrounding area 
and made more material ablated by breaking chemical bonds or heating and 
vaporizing the material. Center part of ablated pattern also became darker with higher 
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laser fluence which refers to a deeper depth etched from the surface. Some wrinkle 
pattern was also observed around the ablated site and the mechanism generated this 
structure remains undefined. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 3-20. SEM images of test patterns on parylene thin film with increasing laser 
fluence and 5 laser pulses. 
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3.4 Comparison of KrF and ArF Characterization 
3.4.1 Etch rate and Aspect Ratio Comparison of ArF and KrF 
Fig 3-21 shows the etch rate as functions of laser fluence, frequency and number 
of laser pulses on all materials for 248 nm KrF excimer laser and 193 nm ArF excimer 
laser.  
Fig 3-21 a-c represents etch rate in vertical direction and Fig 3-21 d-f stand for 
etch rates in lateral direction. Fig 3-21 a shows the relation between laser fluence and 
etch rate in vertical direction. For both 248 nm and 193 nm, etch rates increase as 
laser fluence increases on all materials. Under same ablation condition, KrF excimer 
laser has higher etch rate than ArF excimer laser in vertical direction for the same 
material. The etch rate of KrF excimer laser is higher than ArF excimer laser. On 
silicon surface, KrF excimer laser etch rate is about two times as ArF etch rate under 
the same condition. For other materials, the etch rates of KrF excimer laser and ArF 
excimer laser are close to each other although in most cases KrF is slightly higher. 
One of the reason is that as shown in Fig 3-2, the absorbance of Si and the rest of the 
materials at 248 nm is higher than the other shorter wavelengths. For KrF excimer 
laser, the order of etch rates from high to low is: Si, PDMS, glass and SU-8. For ArF 
excimer laser, the order of etch rates from high to low is: Si, SU-8, PDMS and glass. 
Si’s absorbance is high and its etch rates is the highest under both 193 nm and 248 nm. 
SU-8’s etch rate is the fourth among materials ablated by KrF excimer laser but is the 
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second best under ArF. It indicates that under these two wavelengths the etching 
processes’ mechanisms are different. Under 193 nm, the order of etch rates match the 
light absorbance order. It implies that under this deep UV wavelength, light 
absorbance has obvious influence to material etch rate. While under 248 nm the 
influence of light absorbance to etch rate is not significant. 
As shown in Fig 3-21 b, etch rate varies as a function of laser frequency. Etch 
rate order remains the same as in Fig 3-21 a. For both ArF and KrF excimer laser 
ablation, frequency has no obvious affect on etch rate on all materials. As shown in 
Fig 3-21 c, Etch rates change as a function of number of laser pulses. Etch rates of all 
materials under both wavelengths decrease and tend to saturate as number of laser 
pulses increase. Theoretically, etch rates should infinitely approach zero as number of 
laser pulses continue to increase. Because as etching depth increases, laser beam 
would be gradually out of focus and laser energy will be absorbed by plume.  
Fig 3-21 d-f show etch rates as a function of laser fluence, frequency and number 
of laser pulses in lateral direction. As shown in Fig 3-21 d, Lateral etch rates for all 
materials increase as laser fluence increases. Under the same ablation condition, 
materials etched by KrF excimer laser has higher etch rate than etched by ArF 
excimer laser in lateral direction. This indicates that under the same ablation 
condition, KrF excimer laser creates wider opening than ArF excimer laser at material 
surface. So ArF excimer laser is preferred for finer structures creation. The order of 
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four materials’ KrF excimer laser etch rates is: SU-8, glass, Si and PDMS, from high 
to low. While for ArF excimer laser the order is: SU-8, PDMS, glass and Si. Fig 2-7 
shows that KrF excimer laser generated greater damage to glass surface than ArF 
excimer laser, which created wider opening. This is why lateral etch rate of glass 
ranks higher under KrF excimer laser ablation compared to ArF. 
Fig 3-21 e shows in lateral direction, etch rate as a function of laser frequency 
ablated by KrF and ArF for all four materials. The etch rate order remains the same as 
it is in Fig 3-21 d. Lateral etch rates are also not affected by variation of laser 
frequency while other parameters are fixed. However, laser frequency variation 
changes ablation surface quality for some materials as discussed in section 3.3. Fig 3-
21 f shows lateral etch rates as a function of number of laser pulses. Etch rates 
decrease as number of laser pulses increase for all materials ablated by both ArF and 
KrF excimer laser. The difference of lateral etch rates on different materials is not as 
significant as in vertical direction. Greater affect on etching depth than etching width 
can be expected when switching between the two wavelengths. Etch rates of SU-8 and 
glass ablated by KrF excimer laser are slightly higher due to greater opening 
generated at the material surface.  
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Fig 3-21. Etch rates per laser pulse in the direction perpendicular (a-c) and parallel (d-
f) to material surface as a function of (a, d) fluence (fluence (F) varied from 6.24 to 
29.59 J/cm2 for ArF, from 3.77 to 66.18 J/cm2 for KrF), (b, e) frequency (frequency 
(f) varied from 10 to 100 Hz), and (c, f) number of shots (number of shots (N) varied 
from 10 to 100). Default conditions were F = 16.76 J/cm2 (ArF)/ 34.94 J/cm2 (KrF), f 
= 50Hz, and N=100). 
(a) f=50Hz; N=100; (d) f=50Hz; N=100; 
(b) F=16.76 J/cm2; N=100; (e)F=16.76 J/cm2; N=100; 
(c)F=16.76 J/cm2; f=50Hz; (f)F=16.76 J/cm2; f=50Hz. 
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Fig 3-22 a-c shows the aspect ratio of trenches created on all four material 
surfaces by ArF and KrF excimer laser as a function of fluence, frequency and 
number of laser pulses. Fig 3-22 a shows aspect ratio increase as laser fluence 
increases for all materials under both wavelengths. This is because as laser fluence 
increases, etch rates increase faster in vertical direction than in lateral direction, as 
shown in Fig 3-22 a and c. Trenches ablated by ArF excimer laser on Si surfaces has 
the highest aspect ratio. ArF has the advantage in introducing less damage to material 
surface and creating smaller trench openings. It yields higher aspect ratio. Si and 
PDMS ablated by KrF excimer laser are the second highest. Their aspect ratio are 
close to each other and increase significantly as laser fluence increases. Followed by 
glass and PDMS ablated by ArF excimer laser, however, they do not show significant 
increase in aspect ratio as laser fluence increases. SU-8 ablated by ArF, glass ablated 
by KrF and SU-8 ablated by KrF are the smallest. So under the same ablation 
condition and for the same material, ArF creates higher aspect ratio than KrF excimer 
laser due to smaller opening generated at the material surface. 
As shown in Fig 3-22 b, aspect ratio varies as a function of laser frequency. As 
laser frequency changes, aspect ratio of trenches ablated by ArF and KrF excimer 
laser on all five materials are not affected while other laser parameters are fixed. The 
order of all these curves remains roughly the same as in Fig 3-22 a. However, surface 
quality for some materials has obvious changes as frequency varies. As shown in Fig 
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3-22 c, as number of laser pulses increases, the order of the curves shows significant 
difference from Fig 3-22 a and b. Si ablated by KrF has the highest aspect ratio and 
increases dramatically as the number of pulses increases from 0 to about 20, and then 
saturates afterwards. This is because etching depth increases quickly while etching 
width increases slowly. The rest of the curves all increase as number of laser pulses 
increase. In conclusion, increase number of laser pulses will increase the aspect ratio 
under both wavelengths for all materials. 
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Fig 3-22. Aspect ratio as a function of (a) fluence (fluence (F) varied from 6.24 to 
29.59 J/cm2 for ArF, from 3.77 to 66.18 J/cm2 for KrF), (b) frequency (frequency (f) 
varied from 10 to 100 Hz), and (c) number of shots (number of shots (N) varied from 
10 to 100). Default conditions were F = 16.76 J/cm2 (ArF)/ 34.94 J/cm2 (KrF), f = 
50Hz, and N=100) 
(a) f=50Hz; N=100; 
(b) F=16.76 J/cm2; N=100; 
(c)F=16.76 J/cm2; f=50Hz; 
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3.4.2 Surface Quality Comparison of ArF and KrF 
In order to compare ablation surface quality of ArF excimer laser and KrF 
excimer laser, SEM images of ablation site are taken for the same material using 
different laser parameters settings. Fig 3-23 and Fig 3-24 show how the change of 
laser parameters affects the surface quality for KrF and ArF excimer laser ablation on 
Si surface. As fluence of KrF excimer laser increases, the damage to Si surface is 
more significant. More redeposition of material is observed around ablation site. 
Frequency change yields no obvious change in surface quality. For ArF case, the 
fluence increase produced larger representation of mask pattern and more redeposition 
of materials, forming greater volcano shape around ablation site. Frequency change 
does not change the ablation quality. Comparing these two wavelength ablation, KrF 
cause more significant damage to material surface. Especially around the edge of the 
drilled holes, obvious cracking and some chips are left after ablation at almost every 
fluence and frequency settings.  
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Fig 3-23. SEM images of laser machined holes in Si by KrF excimer laser with 
different fluence (7.740, 36.622, and 66.183 J/cm2) and frequency (10, 50, and 
100Hz). 
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Fig 3-24. SEM images of laser machined holes in Si by ArF excimer laser with 
different fluence (8.15, 16.76, and 29.59 J/cm2) and frequency (10. 50, and 100Hz). 
 
Fig 3-25 and Fig 3-26 are SEM images comparison of ablation quality on glass 
surface by KrF and ArF excimer laser. As KrF excimer laser fluence increases, slight 
increase in ablated pattern on glass surface is observed. Higher laser frequency yields 
more crackings around the edge of ablated pattern. For KrF excimer laser ablation of 
glass, low fluence and frequency would be preferred. In the case of ArF, increase in 
fluence produced obvious increase in pattern size and redeposition of material debris. 
Frequency change has no influence on surface quality. In comparison, KrF excimer 
laser causes greater damage during ablation process. Fluence and frequency selected 
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from low to high all yield obvious crackings. In contrast, ArF ablation with all fluence 
and frequency setting generates better surface quality with no crackings observed. 
 
 
 
 
 
 
 
 
 
 
 
Fig 3-25. SEM images of laser machined holes in glass with different fluence (7.740, 
36.622 and 66.183J/cm2 ) and frequency (10. 50, and 100Hz). 
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Fig 3-26. SEM images of laser machined holes in glass by ArF excimer laser with 
different fluence (8.15, 16.76, and 29.59 J/cm2) and frequency (10. 50, and 100Hz). 
 
The SEM images in Fig 3-27 and Fig 3-28 show how the changes of laser 
parameters affect the KrF and ArF excimer laser ablated PDMS surface quality. For 
248 nm wavelength KrF excimer laser, laser ablation causes volcano-like patterns at 
the surface as shown in Fig 3-30. This volcano pattern is considered to be due to the 
re-deposition of ablated material. As fluence increases, the overall size of the volcano 
pattern does not seem to be enlarged while the ablated pattern become wider and 
deeper. As frequency increases however, the sizes of the volcano pattern as well as the 
size of ablated hole increase. This indicates that higher frequency of the laser results 
in more energy transferred within unit time. More chemical bonds would be broken 
Fluence increases 
Fr
eq
ue
nc
y 
in
cr
ea
se
s 
20 µm
                                               
141 
 
by dispersed energy which results in larger ablated area. So if less re-deposition and 
smaller volcano shape is preferred, high fluence and low frequency should be selected. 
Volcano-like pattern also emerged while ArF excimer laser is used to ablated PDMS 
surface. However, not like KrF excimer laser, as fluence of ArF excimer laser 
increases, the size of the volcano pattern is also enlarged. This can be considered as 
the opening of the ablated pattern increased, the redeposition of ablated materials also 
increased. As frequency increases, the overall size of the ablated pattern did not 
change. But representation of the mask pattern definitely become better at high 
frequency because inside the volcano shape, the round shape is more obvious. 
Different from KrF excimer laser, for PDMS when ablated by ArF excimer laser, it is 
very sensitive to both fluence and frequency variation, fluence would affect the 
overall size of ablated area while frequency is closed related to the representation of 
mask pattern. If less damage to surface and better representation is preferred, low 
fluence and high frequency should be selected for PDMS ablated by ArF excimer 
laser. As PDMS surface quality is more sensitive to parameter variation of ArF 
excimer laser, for an easier control and a more stable surface quality yielding for 
PDMS, KrF excimer laser is more suitable for ablation of PDMS, especially with the 
advantage of a broader fluence range. 
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Fig 3-27. SEM images of laser machined holes in PDMS by KrF excimer laser with 
different fluence (7.740, 36.622, and 66.183 J/cm2) and frequency (10, 50, and 
100Hz). 
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Fig 3-28. SEM images of laser machined holes in PDMS by ArF excimer laser with 
different fluence (8.15, 16.76, and 29.59 J/cm2) and frequency (10, 50, and 100Hz). 
 
In the case of SU-8, for KrF excimer laser, fluence was a more dominant factor 
in terms of surface quality than frequency (Figure 3-29). Medium fluence produced 
better representation of mask pattern on material surface. At high fluence, cracking of 
on the structure edge was observed and surrounding area was burnt by high energy. So 
in order to obtain good ablation surface quality with fast processing efficiency, 
medium fluence and high frequency seems to be the best choice. For ArF excimer 
laser, as shown in Fig 3-30, all combinations under ArF excimer laser yields better 
surface quality than KrF excimer laser. It appears to be less burnt area, less materials 
redeposition, almost no cracking observed in the surrounding area with smooth and 
clean pattern edge. The same as KrF excimer laser, the ablated pattern size increases 
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as ArF excimer laser fluence increases. Frequency does not affect ablation surface 
quality. So medium fluence and high frequency should be picked for achieving better 
surface quality with fast processing efficiency. Overall, ArF excimer laser is more 
suitable for processing SU-8 with better surface quality than KrF excimer laser. 
 
 
 
 
 
 
 
 
 
 
Fig 3-29. SEM images of laser machined holes in SU-8 by KrF excimer laser with 
different fluence (7.740, 36.622 and 66.183J/cm2 ) and frequency (10. 50, and 100Hz). 
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Fig 3-30. SEM images of laser machined holes in SU-8 by ArF excimer laser with 
different fluence (8.15, 16.76, and 29.59 J/cm2)  and frequency (10. 50, and 100Hz). 
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CHAPTER 4 DEMONSTRATION OF APPLICATIONS 
 
4.1 Microneedles and Microvalves - Implantable Microdevice for the 
Treatment of Hydrocephalus 
4.1.1 Background 
Hydrocephalus is the condition that cerebrospinal fluid (CSF) accumulates 
excessively in the ventricles or cavities in the brain. It is also termed as water on the 
brain. This medical condition causes the increase of intracranial pressure inside the 
skull and swelling of the head. It also causes central nervous system problems and 
even death. 
As shown in Fig 4-1, an infant suffers from severe hydrocephalus. The head of 
this baby is significantly enlarged by the excessive pressure inside brain. If it is not 
treated properly, hydrocephalus may cause developmental disabilities and even death. 
Typical symptoms occur to children and adults such as headache, balance problems 
and gait disturbance [90]. 
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Fig 4-1. A baby who has enlargement of head caused by hydrocephalus [91]. 
 
Nowadays, hydrocephalus is normally diagnosed by the symptoms listed above 
of the patient. And ultrasound, computed tomography (CT) and magnetic resonance 
imaging (MRI) are also applied to characterization and diagnosis of this medical 
condition. An epidural pressure sensor is used to measure the intracranial pressure 
(ICP) [92].   
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For diagnosed hydrocephalus medical condition, the most common treatment is 
to implant a shunt system which drains the excessive cerebrospinal fluid to other part 
of body where CSF is absorbed [93]. As shown in Fig 4-2, one catheter is surgically 
inserted into the top front part of the patient’s head. The other catheter is implanted 
into the position located in the area behind the ear with a valve which connects both 
catheters. The catheter placed behind the ear is connected to abdominal cavity with 
subcutaneous shunt passage.  
However, with all these surgical insertion and implantation of the shunt system, 
cuts from the patient’s head and other parts of body are inevitable. It causes greater 
pain. More importantly, this system itself has various shortcomings. First of all, daily 
life of patients implanted with shunt system become inconvenient. Second, with 
growing of the children patient, the passage needs to be replaced regularly. Third, the 
failure rate of this system is still as high as 40% in 1 year and 50% in 2 years. Fourth, 
the obstruction, i.e. the occlusion of the shunt lumen, is hardly avoided [94]. All these 
problems add extra pain and financial cost to the patients. 
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Fig 4-2, Schematic drawing of typical shunt system surgical insertion into a patient’s 
body [93]. 
 
So this shunt system was initially invented in 1950’s and was remained 
unchanged since then for over 50 years. In order to avoid these short comings from 
the current shunt system and improve treatment method for hydrocephalus, a novel 
approach was proposed and developed by Dr. Moses Noh’s research group which has 
already obtained patent successfully. This approach develops an implantable 
miniaturized device using microfabrication techniques. After surgical implantation, 
the microfabricated device is actually functioning as artificial arachnoid granulations 
(AG) to replace patients’ deficient ones to conduct CSF between sagittal sinus and 
subarachnoid space. As shown in Fig 4-3, this implantable microfabricated arachnoid 
granulations (MAG) is a combination of two parts: hollow microneedles array and 
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microvalve array with a one-way opening. The hollow channels in micrometer scale 
of microneedle array act as a one way conduit that conduct CSF from subarachoid 
space to sinus area. The microvalve array which is bonded to the microneedle array 
opens depending on the pressure difference change between the sinus area and 
subarachoid space. So the entire artificial microdevice will replace the deficient AG 
restoring the normal absorptive function [95]. This whole new approach greatly 
improves the current treatment method for hydrocephalus. 
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Fig 4-3. Schematic drawing of implantable microfabricated arachnoid granulations 
(MAG). 
 
4.1.2 Fabrication methods 
Fabrication of two novel microdevices is presented to demonstrate the 3-D 
microfabrication capability of excimer laser machining: (1) making hollow channels 
in cone-shaped microneedle array, and (2) creating cut-opening for dome-shaped 
microvalve. The characterization data obtained in the previous study have been 
applied to these two fabrication processes and provided guidelines.  
Hollow SU-8 microneedle array and PDMS microvalve array are fabricated 
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separately and then bonded together prior to surgical implantation. The total 
fabrication process used a variety of microfabrication techniques such as  
photolithography, diffuser lithography, thin film deposition, reactive-ion etching, soft 
lithography and excimer laser micromachining. For microneedle array, SU-8 
microneedle structure was fabricated firstly using photolithography technique. This 
SU-8 microneedle structure was sharpened at the tip part by using RIE (reactive Ion 
Etching). Excimer laser is used to create the hollow channels inside of the every 
needle and the adapting holes to the microvalves. Then it was coated with a titanium 
layer to increase the stiffness which is good for human dura mater piercing during 
surgical implantation. For PDMS/Parylene dome petal microvalve array, dome-shaped 
SU-8 mold was fabricated first. Then PDMS was cast on to the mold with a thin-
parylene layer on top to improve the mechanical properties of the valve. Lastly, 
excimer laser was applied to create the opening on top of every microvalve.  
Excimer laser machining is a key technique in the fabrication of the devices 
because creating through-holes in conical SU-8 microneedles and cut-opening in 
dome-shaped microvalves is extremely difficult with conventional microfabrication 
techniques.  
Figure 4-4 shows a schematic drawing of microneedles and microvalves and the 
use of excimer laser ablation in their fabrication processes. Each complete device 
consists of a 10x10 array of microneedles and microvalves. The cone-shape 
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microneedle array was fabricated on a 5x5 mm2 substrate using diffuser 
photolithography and reactive ion etching. Each microneedle is 500 µm in height. The 
excimer laser ablation was done in two steps to form a big channel inside the base and 
a small channel inside the cone-shaped body. First a 20 μm diameter laser beam was 
used to generate small channels from the backside which were off-center and 
perpendicular to the cone shape and then, a 250 μm diameter laser beam was used to 
generate the larger channels. The reason for machining from the backside is that it is 
easy to align the microneedle with a laser beam on the flat side and much less debris 
is produced at the needle outlet by etching from the backside. A small channel of 10 to 
30 µm in diameter was drilled into the microneedle using excimer laser and the holes 
were made slightly off the center in order to maintain the sharp needle tips. A big 
round hole, 250 µm in diameter and 150 µm in depth, was also drilled from the 
bottom side of the microneedle substrate using excimer laser. This big hole is the 
place where microvalve array would be placed. PDMS-Parylene composite 
microvalve array was fabricated as described in [96].  The microvalve has a thin 
dome-shape with a diameter of 200 µm. Excimer laser was used to create diverse cut-
openings on the valve membranes (e.g. cross-cut, slit-cut and their combinations). A 
schematic drawing of the complete device for surgical implantation is shown in 
Figure 4-4. 
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Fig 4-4. Schematic drawing of microneedles and microvalves and the use of excimer 
laser ablation in their fabrication processes. 
 
4.1.3 Results and Discussions 
Figure 4-5 shows SEM images of SU-8 microneedles with laser machined 
hollow channels.  Static mask projection technique was used to drill the holes through 
microneedles. Based on our characterization study for SU-8, laser fluence of 36.622 
J/cm2 and frequency of 50 Hz were selected for the process. The microneedle array 
was placed and fixed upside down into a hole drilled on a metal chuck prior to laser 
machining. This metal holder protected the microneedles during the laser ablation 
process and also made it easier to focus the laser beam on the top surface. The small 
channels were drilled first and then the big channel was processed. Both of them were 
processed using mask projection technique with suitable demagnification and pattern 
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size on mask. The through-hole microchannels are located on the side of microneedles 
as designed for maintaining sharp tip for puncturing the dura mater. The machining 
was done from the bottom side of the needle for better focusing of the laser. Firstly, 5 
laser pulses were used to make a very shallow dent on the material surface until laser 
beam is aligned to the right position, then hundreds of laser pulses were fired to make 
through-holes. This method greatly improved the accuracy of the process although it 
took longer time than other approaches. The microscale through-hole turned out to be 
tapered as expected based on our characterization study. The small microchannel was 
about 30 µm in diameter on the microneedle surface (Fig. 4-5a). Since the excimer 
laser drilled holes are tapered, the microchannels are expected to have a larger 
diameter at the base. After drilling the microscale holes through the needles, the larger 
hole was created. The dimension is about 250 µm in diameter and 150 µm in depth 
(Fig 4-5b). This hole was designed to be housing for PDMS/Parylene microvalve 
array as shown in Fig 4-6. 
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Fig 4-5.  SEM images of SU-8 microneedles with excimer laser machined hollow 
channel. (a) top side of a microneedle array with small microchannels, (b) bottom side 
of a microneedle array with large microchannels. 
 
Figure 4-6 a shows a side view of dome-shaped microvalve made of thin 
PDMS/Parylene composite layers. This is cut by a 5 µm width laser beam through the 
center line of 10x10 PDMS dome array. Parylene thickness was uniform (~ 10 µm) 
across the microvalve while PDMS layer below parylene layer varied significantly 
from 3 µm (top of dome) to 70 µm (bottom of dome).  Figure 4-6 b shows the top 
view of microvalves of a dome diameter of 170 µm with two different cut openings: 
cross-shape and slit-shape. The opening on the top of the valves was created using 
excimer laser (beam width = 5 µm). Mask projection technique was used with cross 
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and slit shape masks. The opening gap on top of the PDMS dome was clean and the 
dimension was uniform at approximately 6 µm. The dark lines at the bottom of the 
dome are wrinkles generated by two layers with different material properties and have 
nothing to do with laser machining.  
 
 
Fig 4-6. PDMS/Parylene microvalves. (a) SEM image of the side view of the valve 
and (b) top view of the valve with cut-opening made by excimer laser machining.  
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4.2 Braided Flexible Metal Wire Neural Probe  
4.2.1 Background 
Braided metal wire neural probe is implanted into the central nervous system 
(CNS) which is mainly consists of neurons and glial cells and vascular related tissue 
[97]. 
As shown in Fig 4-7, there are two types of tissue responses to the implanted 
electrodes. One is named early acute response and the other is later chronic response 
[98]. The early acute response is mainly caused by the neural probe insertion. Tissue 
of the central nervous system is damaged during the insertion of the neural probe. And 
this damage is no other method to be avoided. So these physical damage of the neural 
tissue initiates the central nervous system’s healing mechanism to rebuild the 
damaged part of the tissue. After the insertion of the neural probe, there is microglia 
emerging around the damaged part of tissue within one day [98, 99, 100]. This early 
acute response normally lasts for one to three weeks long. During this process, 
microglia plays very important role. After the early acute response time period which 
gradually decreases, the chronic response can be observed.  This is characterized by 
the observation of reactive microglia as well as reactive astrocytes. The astrocytes 
produces the glial scar which is an encapsulation layer [98]. And this glial scar takes 
about 6 weeks after the insertion of neural probe to complete its formation. 
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Fig 4-7. Schematic image of tissue reactive response to an implanted electrode: (a) 
early (acute) response; (b) prolonged (chronic) response [98]. 
 
As a braided structure has advantage to combine different types of materials 
which have different size and shapes. And this freedom of combining various types of 
wires ensures greater ability of the neural probe. For example, Dr. Simon Giszter’s 
group invented a braiding system that is capable of braiding nichrome wire onto the 
platinum-iridium wires which both of them are in the same 12.7 µm diameter [101]. 
Also these two types of metal core can be braided together as one braid structure. As 
shown in Fig 4-8, a variety of braid structure and cores have successfully generated. 
These schematic drawings are from Drexel patent application. The first one is a glass 
pipettes or tapered rods with braids. The second one is electrodes bundle wrapped by 
the biodegradable filaments braid. The third one is the braided core which has spikes. 
The fourth one is together braided biodegradable filaments and electrodes which is 
left after degradation of filaments. All these braided structure can be generated by the 
apparatus from Dr. Giszter’s group. These collections of braided structures provide 
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more applications. For example, microwires braided on the glass pipettes can be a 
very useful application in the drug delivery and electrical recording. And microwires 
braided onto an optical fiber can be very useful for simultaneous light stimulation as 
well as electrical recording. 
 
 
 
Fig 4-8. A variety of braid structure and cores from Drexel patent application (a) glass 
pipettes or tapered rods with braids, (b) electrodes bundle wrapped by the 
biodegradable filaments braid, (c) braided core which has spikes, (d) together braided 
biodegradable filaments and electrodes which is left after degradation of filaments 
[102].  
 
Dr. Giszter’s research group demonstrated how the implantation of this braided 
multi-electrodes probe looks like and actual test of device performance in collecting 
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signals. As shown in Fig 4-9, a rat’s spinal cord is implanted with braided multi-
electrodes probe. This probe has 24 channels. The probe length is 1.5 mm. the tether 
is 8cm long braided with wires whose diameter are 9.6 µm and 12.7 µm. the rat is 
mounted onto stereotaxic with head and pelvis fixed. The body and limbs of rats can 
move freely. Electrode recording was collected for 30 seconds. Fig. 4-9 b shows the 
closer view of implantation site. Tether part of braided multi-electrode neural probe is 
in golden color. Fig 4-9 c and d shows the continuous signal collected by one of the 
12 channel braided multi-electrodes probe for 30 seconds and the K-mean sorting 
algorithm sorted spikes from the rat spinal cord. 
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Fig 4-9. A rat’s spinal cord that is implanted with braided multi-electrodes probe. (a) 
braided multi-electrodes which is inserted into spinal cord of a decerebrated rat. (b) a 
closer view of the implantation site. (c) continuous signal collected by the 12 channel 
braided multi-electrodes probe. (d) K-mean sorting algorithm sorted spikes from the 
rat spinal cord [102]. 
 
5.2.2 Fabrication method 
Cutting and local removal of insulation for a novel floating braided neural probe 
was conducted as a demonstration of the utility of ArF excimer laser and the current 
characterization study. Floating braided microprobe is a biomedical device implanted 
into neural tissue or spinal tissue to perform acute intracortical and intraspinal 
recording. This flexible microprobe has its unique advantage compared to rigid neural 
probes. When it is inserted into neural or spinal tissue, its great flexibility can 
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minimize the strain enabling the device to be used for long-term data recording 
without significant tissue damage or failure. Metal wires are braided together as 
shown in Fig 4-10 a using an apparatus designed for the purpose [101]. The individual 
wires used in braiding process are commercially available and consist of a metal 
(nichrome) core and polyimide insulation layer (Fig 4-10 b). The diameter of each 
wire that works as an individual signal site is 12.7 µm, and the final braided 
microelectrode is about 150 µm in diameter. Since the braided electrode consists of 
23 wires, it can collect signals from 23 different channels in contact with multiple 
neurons [103-105]. One of the critical processes in preparation of the braided 
microelectrode is to cut the wires perpendicularly after braiding process. Using 
physical means such as razors or miniature scissors result in significant flaring of the 
wires, which makes surgical implantation difficult and causes greater damage to 
neural and spinal tissues. In order to address this problem with cutting braided neural 
probes, ArF excimer laser micromachining was applied based on the current 
characterization results. Moreover, selective removal of the insulation layer at desired 
spots was attempted to creating diverse signal collection points in the wires. 
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Fig 4-10. Flexible braided neural probe: (a) Microscopic image of a bundle of braided 
wires; (b) Schematic drawing of a single nichrome wire with polyimide insulation 
layer. 
 
4.2.3 Results and Discussions 
In order to test excimer laser cutting of single nichrome wire with polyimide 
insulation layer, laser beam of a thin slit shape was applied onto the wire 
perpendicularly. According to polyimide excimer laser ablation characterization study, 
low fluence and high frequency were suggested for better surface quality and fast 
Polyimide 
Nichrome 
core 
(a) 
(b) 
25 µm 
                                               
165 
 
machining. Laser fluence was set to be 8.15 J/cm2 and frequency was fixed at 50 Hz. 
To achieve this fluence level, laser energy was set to be 60 mJ at energy constant 
mode from the controller. A 50% transmittance attenuator was mounted in the optical 
path. Number of laser pulses was increased from 5 pulses to 65 pulses with a 5-pulse 
step size. As shown in Fig 4-11 a, With 35 pulses, polyimide insulation layer was 
completely removed from the front side. Part of insulation layer at the backside of the 
wire was removed. However, nichrome core of the wire was damaged and the front 
surface was etched and melted. With lower fluence and less number of laser pulses, 
damage on nichrome core can be minimized and the ablation quality would be 
improved. But with the available attenuator (only one 50% transmittance available for 
193 nm) and mask size, it was the lowest fluence the system is capable to achieve. For 
KrF excimer laser, two attenuators with 60% and 20% transmittance rate were 
mounted on the optical path. Fluence was measured as 5.56 J/cm2 (energy set on the 
controller was 250mJ) which is lower than used for ArF and frequency was set to be 
50 Hz as well. As shown in Fig 4-11 b, insulation layer was successfully removed. 
Sharp edge of the kerf can be observed. Heat burnt area is much smaller than ArF 
excimer laser. There are crackings on the metal core surface, but the overall damage 
to the whole metal core, compared to ArF, is not significant. So KrF excimer laser 
with two attenuators mounted is preferred for polyimide insulation layer peeling for 
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its better surface quality and less damage, which leads to better performance and 
longevity of the device. 
 
 
 
Fig 4-11. SEM images of local removal of insulation on single nichrome wire using 
(a) ArF and (b) KrF excimer laser.   
20 µm 
20 µm (a) 
(b) 
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For ArF excimer laser, when the number of laser pulses was increased to 60, as 
shown in Fig 4-12 a, the wire was cut into two parts. After cutting, polyimide 
insulation layer is still tightly attached to metal core. At the cutting area, part of the 
insulation layer was burnt and metal core was melted. The exposed metal core length 
was about 8 to 12 µm, which would be ideal for electrical signal collecting. For KrF 
excimer laser, energy and frequency were set on controller to be 230mJ and 50 Hz, 
respectively. When both attenuators were applied, the fluence is too low to cut 
through the wire. So only the 60% transmittance attenuator was mounted and fluence 
was measured to be 36.622 J/cm2. As shown in Fig 4-12 b, after cutting, insulation 
layer also attaches tightly to metal core. Some redeposited vaporized materials were 
observed on kerf edge. Metal core exposed was greatly melted by the high fluence 
used. And its length (about 6 to 10 µm) is shorter than cutting by ArF excimer laser.  
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Fig 4-12. SEM images of single nichrome wire cut by (a) ArF and (b) KrF excimer 
laser.   
 
Fig 4-13 compares the result of ArF laser cutting and scissors cutting for a 
bundle of braided wires. With ArF laser, the braided wires were cut nicely without 
20 µm 
20 µm 
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any flaring. All wires were cut with equal length and the braided structure was well 
protected. On the other hand, cutting with scissors resulted in significant flaring of the 
braided structures. This kind deformation can cause great damage to neural tissue and 
result in failure in signal collection. So it is critical to maintain the braided structure 
with least damage during the cutting process.  
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Fig 4-13. Images of the cut braided wires: (a) SEM image of a braided nichrome wires 
cut by ArF excimer laser; (b) Microscopic image of a braided nichrome wires cut by 
scissors. 
 
 
 
200 µm 
(b) 
(a) 
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4.3 Other 3-D Micromachining 
As shown in Fig 4-14, PDMS micropillar array was fabricated using replica 
molding technique. The PDMS micropillar array consists of micropillars with 
different lengths. This structure was not able to be created only by conventional 
lithography based microfabrication technique. Replica mold was made by SU-8 2035 
spincoated on silicon wafer. ArF excimer laser was applied to drill a 6 by 6 holes 
array on the surface of SU-8 mold. The laser fluence was fixed but number of laser 
pulses was increased in each column. After a hole array with different depths was 
created, SU-8 mold surface was treated with trichlorosilane in order to obtain a better 
separation of PDMS from SU-8 mold. Then PDMS (base and curing agent mixed with 
10:1 ratio) was poured onto SU-8 mold. After degassing procedure which removes air 
bubbles from PDMS bulk, the sample was baked in the oven at 60°C for an hour. 
Then this PDMS sample can be carefully peeled off with non-uniform array attached. 
As shown in Fig 4-15 b and c, micropillars are all in cone shape with a flat top surface 
which represents the morphology of the holes on SU-8 created by ArF excimer laser. 
The bottom and top dimension of the micropillar in Fig 4-15 b are 61.67 and 45.27 
µm. For micropillar in Fig 4-15 c, the dimensions are 59.25 and 47.51 µm, 
respectively. Fig 4-16 shows a PDMS micropillar array created by using a smaller size 
mask pattern. The dimension of micropillar in Fig 4-16 b was measured as 29.43 µm 
at the bottom and 15.27 µm on the top. The one came out from a hole with shorter 
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depth was measured 25.13 µm at the bottom and 11.83 µm on the top. 
 
 
 
 
 
 
 
Fig 4-14. Non-uniform height micropillars array fabrication processes.  
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Fig 4-15. PDMS micropillar with different length (a) bird view of a micropillar array, 
(b) (c) single micropillar.  
 
 
 
(a) 
(b) 
(c) 
100 µm 
20 µm 
10 µm 
                                               
174 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 4-16. PDMS micropillar with different length (a) bird view of a micropillar array, 
(b) (c) single micropillar.  
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As shown in Fig 4-17 and Fig 4-18, ArF excimer laser was used to selectively 
peel the polyimide coating on a fused silica tube surface. This flexible fused silica 
capillary tubing was commercially available from Molex, Lisle, IL. The outer 
diameter of the tube is 363 µm. The coated polyimide layer is 20 µm thick. The 
primary goal of this experiment is to selectively peel off polyimide layer with silica 
tube surface protected. Fig 4-17 b is a closer view of laser affected silica tube surface. 
The surface was well protected with minimal damage caused by laser. Some 
redeposited material debris can still be observed at part of the tube surface. Fig 4-18 
shows the closer view of polyimide edge which was ablated by ArF excimer laser at 
fluence of 3.57 J/cm2. The kerf was also sharp and the laser irradiated surface 
perpendicular to the tube surface was clean and smooth without heat affect zone. 
However, polyimide surface outside near the ablation area was deposited by ablated 
materials debris. The key laser parameters for successful selective etching are laser 
fluence and number of laser pulses. First of all, the best way is to choose laser fluence 
that is higher than the ablation threshold of the material needs to be removed but 
lower than the material needs to be protected. Second, if it is not feasible to do that, a 
characterization need to be conducted on the etch rate for the target material. 
Choosing the number of laser pulses which removes the target material thickness 
based on characterization results is necessary. No matter which method is selected, 
lower fluence is always preferred for better surface quality. 
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Fig 4-17. Silica tube with polyimide coating peeled by ArF excimer laser (a) top view, 
(b) closer view. 
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Fig 4-18. Closer view of ArF excimer laser peeled polyimide layer edge. 
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CHAPTER 5 CONCLUSION AND FUTURE WORKS 
 
5.1 Conclusion 
This dissertation presented a comprehensive characterization study on KrF and 
ArF excimer laser micromachining of five representative MEMS materials, Si, soda-
lime glass, SU-8, PDMS and polyimide. Vertical profile of etched channels and holes 
were found to be tapered in all materials. Etch rate change in vertical and lateral 
directions was investigated as three major laser parameters (fluence, frequency, and 
number of laser pulses) were varied. The effects of these three major laser parameters 
on etch rate and surface quality were investigated.  
For KrF excimer laser, In the vertical direction, Si had the highest etch rate 
followed by PDMS, glass, and SU-8. Etch rate increased almost linearly for all four 
materials as fluence increased but no significant variation in etch rate was observed as 
frequency of laser pulses was changed. Etch rate was also inversely proportional to 
the number of laser pulses. In the lateral direction, SU-8 showed the highest etch rate 
followed by glass, Si, and PDMS. This order is opposite to the vertical etch rate. 
Aspect ratio was found to increase as laser fluence and number of laser pulses 
increase but is not affected by laser frequency. Physical deformation and chemical 
composition change in the laser machined sites on PDMS and SU-8 were investigated 
using SEM imaging and EDXS, respectively. For PDMS, volcano patterns of residues 
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were observed around the ablated spots and the size depended mainly on laser 
frequency.  For SU-8, fluence turned out to be more dominant factor than frequency in 
determining the degree of deformation.  It was also found that the ablated area 
contains increased amount of oxidized components.  
For ArF excimer laser, etch rate in both vertical and lateral directions was 
proportional to laser fluence. In the vertical direction, Si has the highest etch rate 
followed by three polymeric materials: SU-8, polyimide and PDMS. Etch rates of 
these three materials were close to each other. Glass has the lowest etch rate among 
the five materials used in this study. In the lateral direction, polyimide has the highest 
etch rate followed by SU-8, PDMS, glass and Si. No obvious effect of laser frequency 
on etch rate was observed. Number of laser pulses is inversely proportional to etch 
rate per pulse. It seems that specific heat and thermal conductivity are important 
factors that determines etch rate via photothermal process. However, since the laser 
ablation process is complicated, other materials properties such as phase transitions, 
optical penetration, ablation threshold and evaporation kinetics etc, also have their 
influence on etch rate variation. Through comparison to KrF characterization results, 
ArF is found to have similar etch rate order but smaller in magnitude. ArF is also 
proved to be better at creating finer structures at material surface. Materials 
absorbance spectrum is found to have important influence on etch rate, particularly 
for shorter wavelength. Aspect ratio is proportional to laser fluenece and the number 
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of laser pulses. It is not affected by laser frequency. SEM imaging and EDXS analysis 
were used to investigate surface qualities such as deformation and chemical 
composition change. It is found that for all materials, kerf width increases as laser 
fluence increases. For polyimide, it is found that higher fluence generated more 
materials debris around ablation site. Low fluence should be selected for better 
surface quality. Frequency does not affect surface quality significantly, so high 
frequency can be used to make up for slow etching time due to low fluence. EDXS 
study proved that ArF excimer laser ablation does not change components of materials 
but produce more oxidized products. Combined with report on KrF excimer laser 
micromachining, this comprehensive characterization study provides guidelines to 
identify optimized laser ablation parameters for desired microscale structures on 
MEMS materials. Table 5-1 summarizes ArF and KrF excimer laser ablation results as 
a guideline to different MEMS materials optimized ablation. 
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Table 5-1. Summary of ArF and KrF excimer laser ablation results as a guideline to 
different MEMS materials ablation. 
 
Material 
Type 
Suitable 
Laser 
Wavelength 
(nm) 
Fluence 
(J/cm2) 
Etch 
Depth/Pulse 
(µm) 
Etch 
Width/Pulse 
(µm) 
Comments 
Si 193 or 248 7.7 - 66.2 0.7 - 7.3 0.1 - 0.8 
ArF yields volcano 
structures; KrF yields 
cracks and chips 
Glass 193 or 248 8.2 - 29.6 0.4 - 0.9 0.1 - 0.3 
ArF yields slightly 
less cracks than KrF; 
pattern size increases 
with fluence 
SU-8 193 8.2 - 29.6 0.5 - 1.6 0.3 - 0.6 Pattern size increases with fluence 
PDMS 193 or 248 7.8 - 66.2 0.6 - 5.0 0.2 - 0.7 
Fluence increase 
yields more 
redeposition of 
materials in ArF and 
better representation 
of the mask pattern 
in KrF 
Polyimide 193 8.2 - 29.6 0.2 - 1.4 0.4 - 0.5 
Increase in fluence 
increases heat burnt 
area and debris 
redeposition 
 
In order to demonstrate the three-dimensional microfabrication capability of KrF 
and ArF excimer laser, two novel implantable biomedical microscale devices were 
successfully fabricated using the optimized laser ablation parameters obtained in the 
characterization study. The first one is a miniaturized arachnoid granulation made of 
SU-8 and PDMS used as a potential improved treatment for hydrocephalus. The 
second one is cutting and local removal of insulation for a novel floating braided 
neural probe made of polyimide and nichrome which is used for acute and chronicle 
recording of signal from central nervous system (CNS).   
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5.2 Contributions 
This thesis contributes to several areas. KrF and ArF excimer laser were used to 
parametrically characterize representative MEMS materials which provided laser 
ablation guideline for the community. Two novel implantable and two 3D 
microstructures were constructed and processed by excimer laser. A deeper 
understanding of laser materials interaction was gained by discussions on 
experimental results. 
 
Provided guideline for KrF and ArF excimer laser ablation of MEMS materials 
respectively 
As far as the author’s knowledge, few publications have parametrically and 
comprehensively characterized excimer laser with 248 nm and 193 nm wavelengths 
ablation of the five representative MEMS materials: silicon, glass, SU-8, PDMS and 
polyimide. This characterization results can provide the community a guideline for 
obtaining optimized excimer laser ablation results from these MEMS materials. The 
relations between etch rate and aspect ratio and laser parameters are plotted in a series 
of graphs. SEM images of ablated site under different laser parameters also provide 
clear proof and solid evidence for choosing the optimized laser ablation parameters. 
This part of work was described in CHAPTER 2 & 3: EXPERIMENTAL 
CHARACTERIZATIONS: KRF & ARF EXCIMER LASER MICROMACHINING. 
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Provided comparison of KrF and ArF excimer laser ablation quality on MEMS 
materials 
Before choosing the optimized laser parameters, the first thing which has to be 
decided is which wavelength to use in order to satisfy specific goal for laser 
micromachining. Based on the comparison of etch rates, aspect ratio and ablation 
surface quality of the two wavelengths for five materials, a summary of suggestions 
for determining the suitable operating laser wavelengths of machining the five 
representative MEMS materials were provided to the community. This part of work 
was described in CHAPTER 3: EXPERIMENTAL CHARACTERIZATIONS: ARF 
EXCIMER LASER MICROMACHINING. 
 
Development of novel implantable device for treatment of hydrocephalus 
In order to implant the device into brain to replace the function of arachnoid 
granulation (AG), excessive CSF has to be transported through a channel inside this 
device. Excimer laser was used to successfully create microchannels inside the bulk 
of the device at desired dimension which optimized the pressure drop on different part 
of the device. Holes of another size critical for assembling two parts of device were 
also created at designed dimension. A cross-opening on top of a PDMS dome was also 
created to make this PDMS dome function as a one-way microvalve. Combining 
conventional lithography based microfabrication technique with excimer laser, the 
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fabrication of this novel device was successful and it improved several defects in 
current treatment for this disease. This work was described in CHAPTER 5: 
DEMONSTRATION OF APPLICATIONS. 
 
Development of braided flexible metal wire neural probe 
The braided flexible neural probe consists of 24 nichrome wires coated with 
polyimide. The braided structure needs to be maintained after cutting in order to 
minimize the damage to neural tissue during insertion. Physical cutting tool causes 
damage to the braided structure and left the braided structure flared out. Excimer laser 
solved this problem and cut the wires with braided structure maintained. On each wire 
surface, the polyimide coating needs to be selectively removed which was also 
completed by using excimer laser. As the neural probe is flexible and braided structure 
protected, it ensures successful intracortical chronic and intraspinal acute recording 
even if the experiment environment is hostile. This part of work is described in 
CHAPTER 5: DEMONSTRATION OF APPLICATIONS. 
 
Development of 3D microstructures 
A PDMS micropillar array with non uniform height distribution was successfully 
fabricated with a more efficient and economic process. It skipped the photomask 
design and making process and can easily change the dimension of PDMS micropillar 
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by varying dimension of excimer laser drilled holes on SU-8 substrate. More 
importantly, this non uniform height PDMS micropillar array cannot be fabricated by 
using conventional microfabrication techniques only. A recipe of successful peeling of 
polyimide layer without damaging the underneath silica tube surface was provided to 
the community. This part of work was described in CHAPTER 5: 
DEMONSTRATION OF APPLICATIONS. 
 
5.3 Future works 
So far all simulation for laser ablation has their limitations. Photochemical and 
photothermal ablation processes were separately modeled and investigated. Normally 
photochemical ablation mechanism was using molecular dynamics simulation. 
However, MD can hardly be used to simulate and study ablation which requires the 
study of a bigger scale. If a properly improved method for simulating photochemical 
process for bigger scale and can be combined with other models that study 
photothermal ablation processes, it would be a great contribution. This parametric 
simulation study can provide information on how materials properties affect laser 
etching process with comparison to experimental study conducted in this dissertation. 
While we have performed parametric characterization work on the representative 
MEMS materials, submicron features creation can be further investigated with an 
improved numerical aperture and higher quality objective lens set. Comparing to CO2 
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and solid state laser with longer wavelengths, excimer laser has the advantage in 
submicron structure machining because its photon energy is higher, the absorption 
rate is better and heat affected zone during ablation is also smaller.  
With optimized submicron characterization results, more applications can be 
realized. For example, there are many potential applications in biomedical 
engineering field such as small size hole drilling on membrane surface. More 
complicated 3D structures can be created by combining stage movements in all four 
axes. 
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